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SUMr~ARY 
The effect of combustion chamber design on combustion rate has 
been investigated experimentally and theoretically. 
The experimental work concentrated on the measurement of cylinder 
pressure and flame speed using a piezo-electric pressure transducer 
and multiple ionisation probes together with a data acquisition/ 
processing system. A total of twenty one chamber designs of varying 
shape, compression ratio and spark plug arrangement were tested over 
a range of operating conditions on a single cylinder S.I. engine. 
The pressure data were analysed to obtain values of pressure rise 
rate, cyclic dispersion and combustion (mass burn) rate whilst the 
ionisation data were processed to yield flame travel angles and flame 
dispersion. The results obtained show that for a given compression 
ratio, the flame speed is not significantly affected by chamber 
design. In contrast, the combustion rate and pressure parameters 
are highly dependent on the chamber design; more compact arrangements 
giving higher combustion rates and reduced cyclic dispersion. 
A computer simulation model of the compression, combustion and 
expansion phases of the engine cycle was developed to predict the 
effects of the combustion chamber design parameters. Based on the 
experimental results, the model assumes that the ratio of laminar 
to turbulent burning velocity is independent of chamber design. The 
influence of chamber shape on the burnt volume, flame front surface 
area and heat transfer surface areas is modelled using a simple but 
effective geometric integration technique. This technique allows 
an infinite variation of the design parameters to be specified for 
a large range of chamber shapes with a minimum of input data being 
required. 
The model predicf,s'=£trat' chamber.' p'esiign does have a major effect 
<~":;:''': .. ,l: ,:'-":-: •• ",:. • --. :: f 
on combustion rate ah~cylinder'f1}'e~sJi:.e: but shows that the influence 
of individual design>t:iarairi'eters":is"h'~9n~y dependent on the setting 
of all other parameteps.c"'.Ttteeffe£-t·.·e:f,~squish area is shown to be due 
to it changing the compactness of the chamber, optimum squish area 
being about 50% for conventional engines with higher areas being 
suited to higher compression ratio designs. Spark plug arrangement 
is predicted to be the most effective ~ay of controlling the combustion 
rate with a single centrally located spark plug or alternatively, 
dual spark plugs, giving large increases in combustion rate. 
Computer model predictions have been compared directly with 
experimental results obtained in this study and with experimental 
results reported by two other independent workers. Good agreement 
was obtained thereby giving support to the assumption of the 
flame speed being unaffected 'by chamber design. 
The model was also used to predict squish velocities in 
fired engines. The results show that the velocities and, in 
particular the reverse squish, can be significantly modified by 
the combustion process with a strong dependence on ignition timing 
being evident. 
The predictive model has been modified to yield a heat release 
program capable of analysing experimental pressure time data to 
predict combustion rate, flame speed, turbulent burning velocity 
and many other variables. The predicted flame speeds were in good 
agreement with corresponding experimental values obtained from 
ionisation probes. 
In conclusion, the study has confirmed the importance of 
combustion chamber design as a means of improving the combustion 
rate but has shown that the flame speed is not affected by chamber 
shape (i.e. squish). The semi-empirical simulation model has been 
shown to predict the effects of the chamber design parameters to 
an acceptable degree of accuracy. 
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NOMENCLATURE 
Area 
Chord length 
Engine bore 
Bumping clearance 
Capacitance 
Constant 
Combustion efficiency factor 
Compression ratio 
Connecting rod length 
Specific heat at constant pressure 
Specific heat at constant volume 
Diameter 
Activation energy 
Flame arrival frequency 
Height 
Heat transfer coefficient 
Enthalpy, Piston to head distance 
Pressure head 
Valve recess depth 
Index 
Constant 
Dissociation (or equilibrium) constant 
Turbulent multiplication constant 
Length 
Mass 
Mass transfer rate 
Molecular weight 
Compression/expansion index, Number of moles 
N Engine speed 
P Cylinder pressure 
~P Pressure rise rate (dP/de ) 
A 
P Maximum cycle pressure 
PH Spark plug penetration 
q Number of moles of products assuming no dissociation 
Q Heat transfer rate 
Q Volume flow rate 
r Radius 
R Specific gas constant, Resistance, Radius 
R Reynolds number 
e 
R Universal gas constant 
a 
R Reynolds parameter p 
RC Cylinder radius (B/2) 
RES Residual gas concentration 
RF Flame radius 
RR Bowl/hemisphere radius 
RS Spark plug radial location 
RSB .Bowl/hemisphere offset 
RSP Spark plug recess radius 
RV Valve recess radius 
S Stroke 
SQ Squish percentage area 
SQA Squish area 
ST Stroke 
t time 
t. time interval 
~ 
tstr time from B.D.C. to T.D.C. 
T Temperature 
T' 
AT 
DoU 
U' 
v 
v 
V. 
J 
W 
x,y,z 
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f 
h 
i 
Isentropic temperature 
Change in temperature 
Adiabatic flame temperatu8 
Velocity Internal energy 
Change in internal energy 
Turbulence intensity 
Voltage 
Volume 
Mean intake jet velocity 
Work transfer rate, Load 
Distance or displacement along Cartesian co-ordinates 
Flame contact angle relative to spark plug 
Flame contact angle relative to cylinder axis 
Ratio of specific heats 
Crank angle 
BUrn angle 
Delay angle 
Maximum pressure crank angle 
Dispersion 
Equivalence ratio 
Volumetric effeciency 
Density 
Specific humidity 
Absolute viscocity 
Subscripts 
for burnt charge 
Relating to flame 
Value for cylinder head 
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A.D.C. 
Subscripts (contd) 
Laminar 
Ionisation probe number 
Relating to products or piston 
Value for reactants 
Relating to squish, spark plug or ignition 
Turbulent 
Value at combustion chamber wall 
At position X 
Corresponding to Q crank angle 
Abreviations 
Analogue to digital converter 
A.T.D.C. After top dead centre 
B.loP. Bowl in piston 
B.T.D.C. Before top dead centre 
C.R.D. 
D.G. 
E.G.R. 
E.V.C. 
E.V.D. 
f.S. 
f.S.R. 
h.h. 
Cathode ray oscilloscope 
Dilute gas concentration 
Exhaust gas recirculation 
Exhaust valve closes 
Exhaust valve opens 
flame shape 
flame speed ratio 
Hemispherical head 
H.U.C.R. Highest usable compression ratio 
I.V.C. Inlet valve closes 
I.V.D. Inlet valve opens 
L.M.L. Lean misfire limit 
M.B.T. Minimum advance for best torque 
5.1. Spark ignition 
T.D.C. Top dead centre 
W.D.T. Wide open throttle 
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CHAPTER 1 
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INTRODUCTION 
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CHAPTER 1 
1.1 GENERAL 
It is well known that the combustion (or mass burning) rate in 
a spark ignition(S.I.)engine has a major effect on the efficiency, 
exhaust emissions, smoothness, fuel octane requirements and lean 
2 
misfire limit (L.M.L). Previous work has shown that optimum combustion 
rates exist for maximum efficiency(l)* and minimum oxides of 
nitrogen(2,3) with higher combustion rates increasing engine "roughness" 
(4,5), the highest useable compression ratio(1,5) and the L.M.L (6). 
With present day conventional engines, maximum combustion rates 
of about the optimum value are relatively easy to obtain. However, 
in the case of the low emission engines based on either lean mixture 
operation or high rates of exhaust gas recirculation (E.G.R), the 
combustion rate may be greatly reduced to below the optimum value. 
The obje0t of research and development into future engine designs is 
therefore to find ways of increasing the combustion rate. 
For specified conditions (i.e. fuel type, equivalence ratio etc) 
the combustion rate may be increased by increasing the intake generated 
charge motion and/or modifying the combustion chamber design. The 
work detailed in this thesis is concerned with the latter approach. 
(1,2, 3, 7 ) 
Previous studies have confirmed that large differences 
in combustion rate can occur between different combustion chamber 
designs. However, whilst the importance of chamber design is well 
accepted, the effect of individual parameters and the interaction 
between parameters is not very well understood and significant differences 
in empirical results have been reported. Also, the effect of chamber 
design on the burning velocity, flame speed and flame front profile have 
not been established. 
* Numbers in parentheses designate References at the end of this 
thesis (pages 274 to 283). 
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This lack of detailed knowledge has prevented the effect of chamber 
design parameters from being predicted using either empirical correlations 
or theoretical models. Instead, the design of combustion chambers is 
mainly achieved using a philosophy based on experience and empiricalism. 
Although this design approach has resulted in a steady improvement 
in engine performance over the years, it does suffer from being very 
slow and expensive and does not necessarily produce optimum designs. 
In addition, due to the rapid changes in design trends resulting from 
the introduction of emission and fuel economy legislation, the value 
of chamber "design guides" based on previous experience will be 
limi ted. 
In recent years, a number of engine cycle simulation models have 
been t d(S,g, 10,11, 12) th b· t· f h· h· t d repor e e 0 Jec 1ve 0 w 1C 1S 0 re uce 
or eliminate the disadvantages associated with empirical engine 
development. Although these models have in general achieved some 
success, no model has been reported to date which can accurately predict 
the effect of all the chamber design variables. This failure is due 
mainly to the lack of detailed knowledge of the processes occurring 
prior to and dud ng the combustion phase. 
It is clear therefore that before a model can be produced to 
predict the effects of chamber design, further detailed measurements of 
flame speed and combustion rate are required to be obtained from a large 
range of combustion chambers. Although in the long term, this 
information could result in a fully predictive model being developed, 
it is felt that in the short term, empirically based correlations 
should be incorporated into a semi-empirical model. 
The object of this study is to develop such a simulation model 
based on empirical measurements and to use this model to predict the 
effects of chamber design parameters. The objectives are formally 
defined in Section 1.3. 
1.2 POTENTIAL EFFECTS OF CHAMBER DESIGN PARAMETERS 
From mass continuity across the flame front, the combustion rate, 
,. 
Mb is given by:-
= - (1.1) 
Where U = Turbulent Burning Velocity T 
Af = Flame Front Surface Area 
eb = Burnt Charge Density 
The burnt charge density is a dependent variable which will not 
change significantly with combustion rate and therefore it is better 
to write:-
- (1. 2) 
Equation (1.2) shows that the combustion rate can be increased by 
increasing the turbulent burning velocity and/or enlarging the flame 
front area. Therefore, when considering the potential of chamber 
design as a means of increasing 'the combustion rate, we must investigate 
the probability of enhancing these two parameters. 
Turbulent Flame Speed U 
T 
The burning velocity of a fuel/air mixture is normally determined 
under laminar flow conditions with the measured value being called 
the laminar burning velocity UL Tests have shown that UL for a 
given type of fuel is mainly a function of charge temperature and 
equivalence ratio. 
Ul = f(T , T b' ¢, DG) -(1.3) u 
Where T = Unburnt Charge Temperature u 
Tb = Burnt Charge Temperature 
¢ = Equivalence Ratio 
DG = Dilutant Gas Concentration 
Burning velocities measured in engines are normally much higher 
than the corresponding UL and this is due to the effect of turbulence 
which increases the burning velocity. (This phenonemon is described in 
Chapter 2). Therefore,the turbulent burning velocity U can now be 
T 
expressed as follows:-
= -(1. 4) 
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which using equation (1.3) becomes 
= f(T Tb'~' DG, U') u, -(1.5) 
Where u' is the turbulence intensity. 
Flame Front Surface Area Af 
If the combustion occurred within an infinite volume, the area 
of the flame front would only be a function of the flame radius and 
the flame shape. The shape of the flame would be spherical in the 
absence of spatial variations in charge properties but since spatial 
variations of turbulence intensity, charge velocity, equivalence ratio 
and temperature will occur, the flame shape will be distorted to some 
extent. 
Flame propagation in engines is co~fined by the combustion chamber 
walls. The effect of this is to limit the area of the flame front and 
therefore reduce the combustion rate. Since the radius at which the 
flame contacts the chamber walls will be a function of chnmber shape, 
size and spark plug location, we may writei 
Af = f(Shape, S, S, CR, RS, X, FS) -(1.6) 
Where B = Bore 
5 = Stroke 
CR = Compression Ratio 
RS = Spark Plug Location 
X = Piston Location 
FS = Flame Shape 
Therefore, it can be seen that the flame front area at a given 
time during the flame propagation period will be a function of many 
parameters. To simplify equation (1.6), it is better to think of 
"chamber compactness" which incorporates all of the geometric chamber 
parameters such that 
= f(Compactness, Flame Shape) -(1.7) 
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A compact chamber is a design where the maximum flame radius of 
the main part of the combustion chamber perpendicular to the cylinder 
axis, divided by the flame radius parallel to the cylinder axis, is 
close to unity. An illustration of chamber compactness is shown in 
Fig. 1.1 where it can be seen that although a compact chamber may 
6 
produce increased surface area over most of the flame propagation range, 
reduced surface area may result towards the latter stages of the range. 
Equations (1.5) and (1.7) indicate the potential effects of chamber 
design. To investigate these in more detail, individual chamber design 
parameters are examined below. 
fEmpression Ratio 
Compression Ratio can affect the combustion rate by changing both 
the turbulent burning velocity and the flame front area. Increased 
compression ratio for example will increase the charge temperature and 
reduce the residual gas concentration, both of which will increase the 
laminar burning velocity. The effect on the flame front area will be 
more complex in that it will be dependent on the chamber shape but 
generally, increased compression ratio will reduce flame front area. 
However, this will be offset by some increase in charge density such 
that the effect of compression ratio is almost entirely due to the 
influence on burning velocity. 
Although increased compression ratio will increase the combustion 
rate, the value adopted will be determined by the occurrence of 
detonation or knock. Increased compression ratio offers the advantage 
of increased thermal effeciency but has the associated disadvantages of 
h . h He . . ( 1 3 , 14 ) d' d fIt . t (1 ) ~g er em~ss~ons an ~ncrease us oc ane requ~remen s • 
* It should be noted that the H.U.C.R. has been shown to be a function 
of chamber design( l, 5 ) and equivalence ratio(5,15) so that higher 
compression ratios may be worthy of consideration for lean mixture, 
fast burn engines. 
* Highest Useable Compression Ratio 
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Spark Plug Arrangement 
Spark plug arrangement, which includes spark plug radial and 
axial locations in addition to the use of multiple spark plugs, will 
affect the combustion rate through its effect on the flame front area 
with negligible effect on the burning velocity. It is clear that a 
spark plug radially positioned in the centre of the chamber will 
produce larger flame front areas and shorter flame travel distances 
than a spark plug positioned on the outer edge of the chamber. 
Similarly, two spark plugs correctly positioned will give greater flame 
front areas and shorter maximum flame travel distances than those 
corresponding to a single spark plug. The effect of spark plug 
arrangement is illustrated in Fig. 1.2. 
Although spark plug arrangement would not be expected to have 
a significant effect on burning velocity, small changes may result aa 
a consequence of the charge temperatures and perhaps turbulence being 
dependent on the combustion rate. If M. B. T. (Minimum Advance for Best 
Torque) ignition timing was adopted, changes in burning velocity would 
occur due to changes in the properties with crank angle. 
Also, it should be noted that due to spatial properties variations, 
spark plug location may produce effects which ar~ not solely a function 
of geometry. This effect has been shown by Janeway( 4 ) 
Bore/stroke Ratio 
Although this ratio is more of an engine design rather than a 
chamber design parameter, it can have a significant effect on the 
combustion rate and duration due to its influence on "compactness". 
For present day engines operating with compression ratios in the region 
of 9:1, the bore to stroke ratio should be much less than unity for 
maximum compactness and minimum flame travel distance. The fact that 
engines have a ratio of about unity is due to other factors such as 
piston speed, engine height etc. To compensate for this, combustion 
chambers are made more compact by changing the shape so that the 
desirability for a small bore/stroke ratio is reduced. 
Combustion Chamber Shape 
Combustion chamber shape can affect the combustion rate due to 
changes in both flame front area and turbulent burning velocity. Many 
chamber shapes have been used and some common shapes are shown in 
Fig. 1.3. 
The effect of chamber shape on flame front area is relatively 
easy to understand since the shape directly restricts the expansion of 
the flame front. An example of this effect has already been presented 
in Fig. 1.1. The effect of chamber shape on the turbulent flame speed 
is due to its influence on the turbulence intensity rather than any 
significant affect on the laminar burning velocity. This is due to the 
production of a piston generated charge motion known as "squish". 
Squish is defined as the inward radial velocity produced by the 
piston as it approaches T.O.C. of the compression stroke. This is 
(16 ,17 ) illustrated in Fig. 1.4. It is relatively easy to show 
that the squish velocity is a function of the piston speed and the 
combustion chamber shape. 
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Due to the fact that it is difficult to separate the effects on 
combustion rate of squish turbulence and compactness resulting from 
modifying the combustion chamber shape, much conjusion and disagreement 
exists at present as to the relative importance of these two potential 
effects. Whilst it may be argued that this is only of academic interest, 
this is not the case since the uncertainty prevents design models 
from being produced. A major part of the experimental study reported 
in this thesis was aimed at solving this problem. 
1.3 OBJECTIVES OF THIS STUDY 
The objectives of this study were as follows: 
a) To determine experimentally, the effects that combustion 
chamber design parameters have on the combustion rate and 
flame propagation. Special attention to be given to the 
relationship between chamber design and flame speed. 
b) To develop a computer simulation model for predicting the 
effects of the combustion chamber design parameters. The 
development effort to concentrate mainly on the modelling 
of chamber geometry and the correlation between burning 
velocity and chamber design. 
c) To use the simulation model to predict the effect of, and 
the interaction between, combustion chamber design 
parameters. Having shown the effect of the parameters, 
to identify improved chamber designs and to illustrate 
the potential of combustion chamber design as a means of 
increasing and controlling the combustion rate. 
To achieve (a), it was necessary to define some secondary 
objectives, these being:-
i) To identify, procure, modify and develop a suitable 
test engine and associated test cell instrumentation 
and hardware. 
ii) To design and have manufactured,the range of combustion 
chamber designs to be investigated. 
iii) To design and develop the specialist rig instrumentation 
(such as that required for flame propagation and pressure 
measurement). 
iv) To design, procure and develop equipment for high speed, 
multi-channel data acquisition. 
v) To develop data reduction/processing hardware and software 
to analyse the flame propagation and cylinder pressure data. 
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CHAPTER 2 
REVIEW OF PREVIOUS WORK 
CHAPTER 2 
2.1 INTRODUCTION 
Since it was first successfully operated over a century ago, the 
5.1. engine has been the subject of research and development (R & D) 
aimed at improving all aspects of its operation. With regard to the 
combustion process and the effect of combustion chamber design, many 
papers have been published over the last seventy years, the research 
effort having increased over the past twenty five years mainly due 
to the effects of increased government legislation and increased 
competition between manufacturers. Despite this amount of R&D, the 
combustion processes are still not fully understood, mainly due to 
the complexity of the chemical and physical processes involved and the 
difficulty of making detailed measurements in the hostile environment 
of the combustion chamber. 
However, whilst the exact combustion mechanisms are not known, 
the theories proposed and the empirical measurements do give a 
reasonably good understanding of the way in which certain parameters 
affect the combustion rate. Therefore, in Secti~n 2.2, flame 
propagation theories, models and empirical observations are described. 
The subjects covered include the ignition process, laminar and 
turbulent flame propagation theories and correlations and flame 
propagation in 5.1. engine combustion chambers. 
In Section 2.3, empirical measurements reporting the effect of 
combustion chamber design on various parameters are reviewed. The 
parameters covered include in-cylinder air motion, flame propagation, 
combustion rate, knock and emissions. 
2.2 COMBUSTION IN 5.1. ENGINES 
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The purpose of this section is to briefly review aspects of combustion 
which are related specifically to the objectives of this work. Therefore, 
it concentrates mainly on the physical rather than chemical combustion 
processes since it is the former which largely controls the rate of 
combustion in engines using conventional liquid hydrocarbon fuels. 
It must be emphasised that combustion in engines is a very 
extensive topic which can only be covered in the briefest of ~etail 
here. For readers wishing to obtain a more detailed description of 
both the physical and chemical combustion processes, texts such as 
Refs. 10, 17, 18 and 19 are recommended. 
2.2.1 Ignition Process 
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Ignition of the flammable air fuel mixture in spark ignition 
engines is under normal conditions achieved by a spark discharge across 
the electrodes of a sparking plug. This discharge is usually made 
up of a high intensity short duration capacitive component and a long 
duration (approximately 1 mS) lower intensity inductive component(7). 
Although there is disagreement about the relative importance of these 
two components, it is accepted that the spark provides sufficient 
energy (in the form of heat and active particles) to initiate the 
chemical reactions necessary to achieve a self propagating flame. 
Flame propagation will only occur when the heat released from the 
reaction exceeds the heat losses to the cylinder walls, spark plug 
electrodes and unburnt bulk gas(19). 
Due to this energy balance requirement, it is clear that there 
will be a minimum amount of spark energy which will be required to 
successfully ignite the mixture. This is known as minimum ignition 
energy and has been shown(19) to be a function of spark plug design, 
type of spark, air to fuel ratio, fuel composition, residual gas 
dilution, charge temperature and pressure and mixture motion. For the 
range of conditions normally encountered in 5.1. engines, minimum 
ignition energies range from about 10 to 100 mJ(17). Increasing the 
ignition energy above the minimum value has been observed to have 
negligible effect on the establishment of combustion(20). 
2.2.2 Laminar Flame Propagation 
The speed at which the flame front propagates relative to the 
unburnt mixture under laminar flow conditions is the la~inar .flame 
velocity U L' This can be measured using a variety of devices such 
15 
as burner, tube, bomb and nozzle and a number of measurement techniques, 
details of the equipment and measurements being described in Ref. 19. 
L ' fl 1 't t (19, 21, 22) show th",t the amlnar ame ve OCl y measuremen s ~ 
velocity is mainly a function of several parameters:-
a) Type of Fuel. For hydrocarbons, high hydrogen to carbon 
ratios generally produce high UL although other factors 
such as type of bond, bond strength etc are also important. 
b) Equivalence Ratio. The maximum value of UL occurs at an 
equivalence ratio in the range 1.0 to 1.B (depending on 
the fuel), the velocity reducing more rapidly for lean 
mixtures than for rich mixtures. 
c) Inert and Residual Gas Dilution. The addition of inert 
and/or residual combustion gases will reduce the value of 
UL due mainly to reduction in charge temperature although 
transport properties will also be affected. 
d) Unburnt Charge Temperature. This parameter has a 
considerable effect on U~ increasing the initial 
temperature from about 300K to 450K doubling the velocity 
as shown in Figure 2.1. 
Although several reports have been made of UL being dependent on 
mixture pressure(9), the measured dependence is small and within the 
range of measurement error. It is generally agreed that at pressures 
greater than atmospheric, the effect of pressure can be ignOred(19). 
Two limiting mechanisms for, flame propagation have been proposed 
which are helpful in understanding the parameters affecting the propagation 
rate. The two mechanisms are:-
a) the thermal mechanism 
b) the diffusion mechanism. 
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The thermal mechanism is based on the assumption that heat 
transfer from the reaction zone to the unburnt gas raises the temperature 
of the unburnt gas sufficiently to cause it to ignite and heDce 
release its chemical energy. The diffusion mechanism on the other 
hand assumes that active particles and radicals diffuse from the 
reaction zone into the unburnt gas and cause it to react explosively. 
Based on the two mechanisms, a number of laminar flame propagation 
theories have been proposed. The most popular of these theories have 
been reviewed by James(lO) and Phillipps and Orman(9). These include 
the diffusion theories of Tanford and Pease and Manson and the thermal 
theories of Mallard and le Chatelier and Semenov. 
It is uncertain to what extent the two mechanisms account for the 
flame propagation rate in actual combustion processes although it is 
widely believed that both mechanisms occur(19). Therefore, the choice 
of flame propagation theory to predict the laminar flame velocity 
is normally based on how close the predictions agree with empirically 
measured values and on the complexity of the calculations required. 
Of all the theories, simplified versions of the Semenov equation 
are probably the most popular choice due to its reasonably good accuracy 
and because it avoids the need for dubious quantities such as ignition 
temperature and reaction zone thickness. 
2.2.3 Turbulent Flame Propaqation 
Turbulence may be defined as a random velocity fluctuation 
superimposed on the mean fluid motion. The main effects of turbulence 
. (10 19 23) 
on flame propagatlon ' , are as follows: 
a) It considerably increases the flame velocity 
b) The reaction zone is modified from the uniform, very 
thin laminar profile to a much thicker, non uniform complex 
profile. 
c) A reduction in the flammability limits when the intensity 
of turbulence is increased. 
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A number of theories have been proposed to account for the effects 
of turbulence on the flame velocity and some of these have been 
reviewed by James(lO) and De Soete(23). All of these are 
based on two main theories:-
a) Surface Model or Wrinkled Flame Front. 
b) Three Dimensional or Volume. 
The former theory considers the behaviour of large scale 
turbulence on the laminar flame. Due to this, the laminar flame front 
is thought to undergo fluctuating deformations, thus becoming 
wrinkled as shown in Figure 2.2. It follows that the surface area 
of the wrinkled flame front is greater than that of the laminar flame 
and it is this which increases the flame velocity due to increased 
heat transfer and diffusion. The reaction zone would have the 
appearance of being thick due to the displacement corresponding to 
the erratic fluctuations of the wrinkled front. 
Therefore the turbulence burning velocity UT is expressed by:-
Ut 
Where AT and AL are the surface areas of the turbulent 
and laminar flame fronts respectively. 
-(2.1) 
The volume or three dimensional theory is based on the eddy 
diffusion in turbulent flow increasing the transport properties of the 
thermal and diffusional mechanisms. This increases both the heat and 
mass transfer rates mainly due to the effects of turbulence on the 
heat transfer coefficient and eddy diffusivity. In this theory the 
reaction zone is considered to be similar to the laminar case but made 
thicker by the action of increased heat transfer and particle transport-
ation. 
It is probable that both the surface and volume mechanisms are 
responsible for the effects of turbulence on flame propagation although 
the importance of each mechanism is not known. In the review by James, 
it is summarised that the surface or wrinkled flame theory is 
fundamentally unsound and that the volume theory is the most plausible. 
A different approach to the classic theories reviewed by James 
is the model proposed by Blizzard and Keck(24) and later investigated 
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(25) . (26) 
and improved by McCuiston et al and Tabaczynskl et al • It attempts 
to overcome some of these objections by using fundamental quantities 
of eddy size and turbulence intensity. The model is based on the 
wrinkled flame front theory but deviates from other surface theories 
by assuming finite thickness of the reaction zone. The assumption 
is that the flame front propagates at a speed proportional to the 
turbulence intensity, entraining and igniting eddies. Each entrained 
eddy is then assumed to burn inward at a constant laminar flame speed. 
Unfortunately, due to the prob~ems associated with quantifying 
the turbulence parameters, the surface and volume theories proposed 
cannot be used at present to predict the turbulent burning velocity. 
Instead, empirically based expressions are used to predict the 
turbulent burning velocity. These are of the form 
U 
L 
-(2.2) 
The dependence on the laminar burning velocity emphasises the 
surface mechanism. The turbulent multiplication factor, KT,allows 
for the many parameters affecting the turbulent flame velocity which 
are not catered for in the laminar flame velocity expression. The 
parameters affecting factor ~in 5.1. engine combustion chambers are 
discussed in the next sub-section. 
2.2.4 Flame Propagation in S.T. Engines 
The flame propagation rate in the combustion chamber measured 
relative to the chamber walls is known as the flame speed Uf and is 
the sum of two components, the turbulent burning velocity and the 
expansion velocity U • 
e 
The former is the actual rate of propagation 
into the unburnt portion and would be the velocity observed at a 
reference point situated a small distance into the unburnt charge. The 
expansion velocity is the rate of expansion of the burnt charge due to 
the change in density resulting from the combustion. 
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Flame propagation in the combustion chamber of a spark ignition 
engine has been the subject of a number of studies. A variety of 
techniques have been used to determine the flame speed and are briefly 
as follows:-
a) Probe Measurement Methods 
i) Ionisation Probe. This the most popular method 
(10 27 28 29 30) 
and has been used by many workers ' , , , 
Curry(27) used 49 ionisation probes, installed in the 
head and piston to obtain three dimensional propagation 
maps whilst Harrow and Orman(28) used a combustion interval 
meter with ionisation probes to determine cyclic dispersion 
and mean flame travel angle. 
ii) Gas Sampling. This was used byWithrow et al(31) 
to determine the presence of the flame front by detecting 
the oxygen concentration. 
iii) Fibre Optic Probe. This method h3S been used by 
Karim and Badr(32) who employed 12 probes in conjunction 
with two photo-diodes to detect flame motion. 
b) Visual Measurement Methods 
Compared to probe methods, visual methods have the 
advantage of giving a two dimensional view of the flame 
front. The major disadvantages are the need to install a 
window into the combustion chamber walls, cost of equip~ent, 
qualatative results due to parallex error and flame curvature 
and operational problems due to fouling of window and 
vibration. 
i) Direct Photographic. This method exploits the 
increase in light intensity which occurs during and following 
combustion. Rassweiler and Withrow(33) used black and white 
photography whilst Nakanishi et al(34) used colour photography. 
Both of these report that due to poor contrast in light 
intensity between the burnt and unburnt zones, additions of 
chemicals, namely sodium and copper oleate respectively, 
were required to give a clearly defined flame front. 
ii) Schlieren Photography. This method has been used 
by Hamamoto et al(35) in preference to direct photography 
due to the weak luminosity of the flame at very weak 
mixtures. An extremely complex set up employing a 
transparent head and piston crown with an inclined mirror 
fitted in a slotted piston was used. 
c) Pressure-Time Data Analysis Models 
Rather than measure flame propagation directly, this 
method uses a theoretical technique to analyse measured 
pressure time data and hence obtain burnt volume. By 
making an assumption regarding the flame profile, the flame 
radius and speed can then be obtained. Rassweiler and 
Withrow(33) derived equations for calculating burnt volume 
and compared the predictions with estimated burnt volumes 
obtained from direct photography. Tidmarsh(36) and 
Mattavi et al(37) employed detailed computer programs 
to obtain flame speed predictions based on spherical 
propagation. The major error in these models is likely 
to be the assumptions made regarding the flame profile 
relative to the spark plug electrodes whilst the main 
restriction to their use is the need to accurately define 
the shape of the combustion chamber at all crank angles. 
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The techniques described above have been used to determine the way 
in which flames propagate in combustion chambers. These studies have 
shown that the flame speed ratio (FSR) is not constant both during 
propagation and from one cycle to the next. 
The variation during combustion has been investigated by 
Lancaster et al(38). They concluded that combustion can be divided 
into four periods; ignition and kernel development, flame development, 
fully developed propagation and flame termination. The variation 
during combustion and the four periods are shown in Figure 2.3. The 
variation in flame velocity and FSR as a function of flame radius have 
been determined by Mattavi et al(37). A typical plot is shown in 
Figure 2.4. From Figures 2.3 and 2.4 it can be seen that the flame 
speed varies as a function of both time and position. 
The variation from one cycle to the next is known as cyclic 
(28) dispersion or cy~c variation. Harrow and Orman have shown that 
significant variations in flame travel angle to ionisation probes 
occur, the variation increasing with parameters which increase the 
mean flame travel angle. Patterson(39) has studied cyclic dispersion 
of cylinder pressure and has concluded that mixture velocity variation 
near to the spark plug at the time of ignition is mainly responsible 
although poor fuel distribution also has an effect. 
The flame profile has recieved attention by a number of workers. 
Curry(27) obtained three dimensional plots using multiple ionisation 
probes and showed that spherical flame assumptions are reasonable 
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for cases of low charge swirl although variations in turbulence and 
surface temperature caused some distortion. In the case of high swirl, 
generated by a 1800 inlet valve mask, very large distortions were 
measured, this being shown in Figure 2.5. Photographs of combustion 
b b f k (33, 34, 35, 37) fO th fl fOl Y anum er 0 wor ers con lrm e arne pro l 8 
observations reported by Curry. 
Due to the variations in flame velocity and flame shape described 
above, it is only possible to obtain approximate relationships between 
FSR and turbulence parameters or engine operating conditions by using 
mean values. Based on this approach,Lancaster et al(38) conclude that 
the FSR is a linear function of turbulence intensity as shown in 
Figure 2.6. This relationship is of the form 
fSR = 1 + 
I k. u -(2.3) 
A number of workers (10, 28, 38) have shown a linear dependence 
of flame speed ratio on engine speed, i.e. 
rSR = 1 + -(2.4) 
Where N is the engine speed in RPM 
This is in good agreement with the results of Lancaster et al 
since anemometry measurements (36, 40) indicate an approximately linear 
dependence of turbulence intensity on engine speed. 
The value of Krin equation 2.4 has been determined by various 
workers using different engine designs. Typical examples are as 
follows 
Reference 
James (10) 
Phillipps and 
Hodget ts (41) 
KT (eq. 2.4) 
0.00197 
0.002 
0.0017 
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Tidmarsh (36) 0.0013 - 0.0016 (function of 
chamber shape) 
An alternative approach suggested by Spalding(42) is to correlate 
FSR and Reynolds Number, R which he defined as 
e 
R = e 
Where B is the engine bore 
t/ is the time for the piston to travel from 
str 
B.D.C. to T.D.C. 
Phillipps and Orman(9) show that based en the results of 
Bollinger and Williams, a relationship of the following form is 
obtained:-
FSR 
Samaga and 
FSR = 
Where 
1 + 0.002 • R 
e 
Murthy(ll) used the following 
[ ~] 2 -! (1 + 2786 • U ) 
L 
R = Reynolds Parameter = P 
expression:-
V. . e. 8/TO•67 
J 
V. = Mean Intake Jet Velocity J 
T = Mean gas temperature 
They suggest that although R is based on intake velocity, p 
-(2.5) 
-(2.6) 
-(2.7) 
allowances for variable piston generated motions such as squish could 
be incorporated. 
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2.3 THE EFFECT OF COM3USTIoN CHAMBER DESIGN 
The purpose of this section is to review the results of previous 
workers who have measured the effects of combustion chamber design 
on parameters such as charge motion, flame speed, combustion rate, 
knock and exhaust gas emissions. These findings can then either be 
compared with results from this study or taken into account when 
considering the overall effects of the design parameters. A further 
reason for the review is that it indicates areas where poor agreement 
exists between workers and/or areas where further work is required 
to establish the effect of chamber design. 
It should be pointed out that some results reported are dubious 
due to the fact that engine design features which are outside of the 
area of study, but which are known to significantly affect the 
parameters being measured, are not maintained constant. The most 
obvious example is where one engine is compared with a completely 
different engine (of different manufacture) and the results attributed 
solely to chamber design differences as in Ref. 43. A further example 
is where one cylinder head is compared with a second design as in 
Ref. 37. The results are again attributed solely to chamber shape 
even though the inlet tract and valve have been extensively modified 
and 
for 
and 
the spark plug position changed. Many workers have established 
example that inlet tract and valve design(3, 27) and carburation 
. . t·· t d . (44) h . ff t th . 19n1 lon sys-em eSlgn can ave major e ec s on e englne 
performance parameters and therefore these must be taken into account. 
Changing the relative position of the spark plug can affect the 
parameters due to spatial variations of turbulence (45, 46~ charge 
composition (47) and temperature(18) within the chamber. 
2.3.1 Charge Motion in Motored Engines 
Alcock and Scott(48) used flow visulation to investigate the 
charge motion in a bowl in piston compression ignition engine. They 
found little evidence of squish motion although a reverse squish 
motion was much more evident. They suggest that the squish velocity 
was much lower than expected due to piston ring blowby and heat 
transfer effects. 
James(49) measured the air motion in a disc and a squish type 
chamber using a hot wire anemometry system. He concluded that the 
turbulence was higher in the squish chamber than in the disc chamber 
although there was negligible difference at frequencies greater than 
1 KHz. 
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Anton(40) used a similar arrangement to James with squish areas 
ranging from zero (disc) up to 20% He found negligible differences between 
the chambers regarding turbulence intensit~ Eddy frequency and size 
increased with squish area whilst mean charge velocity actually 
decreased with squish areas of 15% and 20%, apparently due to 
interaction between swirl and squish. 
Witze(46) noted that the turbulence produced by a concentrated 
squish a~a WES apparently i~significant when compared to the compression 
stroke enhancement of the intake generated turbulence. On the other 
hand, Dent and Derham(50) found that the measured squish and swirl 
velocities were in good agreement with the theoretical predictions. 
Tidmarsh(36) studied the flow in a number of combustion chambers 
and found large variations in fluctuating velocity with chamber 
configuration. 
(51) A different approach was used by Ghirlando • He used an 
engine with no valves to measure the squish velocity in the absence of 
intake generated motion. Comparing a bowl in piston with a disc 
chamber design, he found that the squish velocities were much lower 
than predicted although better agreement was found as the bumping 
clearance was increased. Reverse squish was higher than forward squish. 
He thought that the measured values were lower than expected due to 
high piston ring blowby caused by the large piston crown to top piston 
ring distance caused by a piston crown extension. 
The effect of compression ratio has been investigated by Semenov(52) 
who showed that the velocity at TDC was slightly reduced with increased 
compression ratio whilst Molchanov et al(53) found that the effect was 
negligible. 
In summary, it is clear that there is no agreement concerning the 
effect of combustion chamber shape. However, it is generally agreed 
that squish velocity is small compared to intake generated motion 
and that the velocity is lower than predicted by theory whilst 
reverse squish exceeds the forward squish. It is probable that the 
differences reported are due to the interaction between the intake 
generated motion and squish although other factors such as the 
differences in detailed chamber designs and the spatial variation 
of charge motion will also have an effect. 
2.3.2 Flame Speed 
Compared to work on charge motion and combustion rate, the 
effect of chamber design on flame speed has received very little 
attention from an empirical measurement point of view. Nagayama et 
al(30) measured flame speed using two ionisation probes and compared 
four combustion chambers combining both squish area and swirl. They 
found that both squish and swirl increased the flame speed and that 
maximum speeds were achieved when the squish and swirl were 
combined. It is interesting to note that squish was effective in 
increasing the flame speed during both the initial and main 
combustion phases. 
Mattavi et al(37) compared the flame speed ratio for wedge and 
open combustion chambers. The burning velocity was determined by 
using a computer model to analyse the measured pressure data. They 
found that although the measured turbulence intensity was greatest 
for the wedge chamber, the FSR was actually highest for the open 
chamber during the first 20 mm of flame travel. However, the FSR 
for the remainder of the propagation was highest for the wedge 
chamber. Possible reasons for the higher burning velocity in the 
open chamber during the first 20 mm were investigated but it was 
concluded by the authors that no consistent explanation could be 
offered. The theory that the turbulence was too high in the wedge 
chamber during the flame development phase was rejected since the 
FSR increased consistently with increased engine speed. 
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Tidmarsh(36) correlated flame velocity function, determined from 
pressure data analysis, with flow velocity, the latter determined from 
hot wire anemometer measurements. He found that although the flow 
velocity for a number of chambers varied by a factor of 2, the flame 
velocity function varied by only 20%. Furthermore, the best fit curve 
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drawn by Tidmarsh shows that whilst the flame velocity increases 
initially with flow velocity, a reduction occurs for higher flow 
velocities. The theory that flame speed can reduce at high turbulence 
levels is supported by De Soete(23). However, it should be noted that 
the squish chambers tested by Tidmarsh were very typical of production 
engines and would not be expected to produce extremely high levels 
of turbulence. 
The results of Tidmarsh are shown in Figure 2.7. Taking into 
account errors which can occur in both flame velocity (via pressure 
analysis) and flow velocity (via hot wire anemometry) measurements, 
a constant flame velocity fit might have been a more realistic 
conclusion. This would then suggest that the flame velocity is not 
greatly affected by the chamber configuration. 
To conclude on the three papers reviewed in this sub-section, 
it is evident that very little agreement exists. Further work 
is clearly required to establish the effect of combustion chamber 
shape on flame propagation. 
2.3.3 Combustion Rate 
The pioneering work of Ricardo(l) demonstrated the importance 
of combustion chamber design as a means of controlling combustion 
rate. He showed that by modifying the cylinder head design of L 
head side valve engines as shown in Fig. 2.8, substantial reductions 
in combustion duration and octane requirement can be achieved. Ricardo 
firmly believed that these improvements were due mainly to the effects 
of turbulent air motion generated by the squish design and named it 
the turbulent head design. Since then, squish and open designs have 
been referred to as turbulent and quiescent even though these 
classifications do not agree with the results of air motion measurements. 
The empirical findings of Ricardo were analysed theoretically by 
Janeway(4) and Taub(54) who both agreed that geometric parameters were 
probably more responsible than the piston generated turbulence for 
the improved performance. These authors described the potential 
effects of spark plug position and chamber shape and presented guide 
lines for controlling the combustion rate and thereby achieving 
efficient and smooth engine operation. Ricardo has presented results 
showing that for maximum efficiency, the maximum rate of pressure 
rise should be about 2.3 Bar/deg (35 p.s.i./deg) whilst Janeway 
has shown that the gradient of the pressure rise rate curve, i.e. 
d2p/d n 2 should be k t t "" f th t" B d ~ ep 0 a mlnlmum or smoo opera lon. ase 
on these requirements, Taub suggests that the chamber design should 
be such as to promote the maximum flame area as possible during the 
first third of the flame travel, thereby reducing the "delay" period. 
The flame front area should then decrease steadily so that "roughness" 
can be avoided. Taub produced a volume distribution curve to aid 
designers and described an empirical method for determining burnt 
volume versus flame radius curves. 
Obert(7) illustrates the use of the Taub method by analysing 
two combustion chambers which were known to produce "rough" and 
"smooth" combustion. The graphs produced are shown in Figure 2.9 
and show that the "rough" design has a peak area at about 60% flame 
travel instead of the 30% 
Andon and Marks(55) 
value for the "smooth" chamber. 
suggest a graphical method of plotting 
flame front area against flame travel (similar to but not the same 
as the method of Taub) comparing combustion chamber performance. 
They claim that the pressure rate difference between chambers can 
be predicted to within 10% although details of the calculation 
method are not given. They also show that reducing the cyclic 
dispersion reduces the subjective engine noise emissions and improves 
efficiency. 
Mantey(56) compared the performance of zero squish hemispherical 
and wedge combustion chambers and concluded that the wedge was 
the best choice because of it having much smoother performance. 
The maximum rate of pressure rise for the "turbulent" wedge was 
about 1.9 Bar/deg compared to 2.8 Bar/deg for the "non-turbulent" 
hemispherical head design. Burt et al(43) compared the per.formance 
characteristics of three different engines using bowl in piston, 
bathtub and disc combustion chamber designs. They conclude that 
1 
the bathtub chamber gave the best overall performance although the 
possible effect of other engine design differences were not considered. 
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(44) 
Tanuma et al compared disc; wedge,pan-cake (zero squish 
domed piston) and heron (bowl in piston) chambers and found that the 
heron and pan-cake chambers produced the highest combustion rates 
and the smoothest operation at weak mixtures. Specific fuel 
consumption and exhaust gas temperatures were also lower. The 
wedge chamber had the worst performance of all four chambers in 
all cases, although it should be pointed out that the spark plug 
location for the wedge chamber was not ideally positioned. The 
results made the authors conclude that "the squish area did not 
reveal a significant influence of the squish effect" and that for 
good lean mixture operation, the volume should be compact around 
the spark plug. 
Mayo(3) studied the effects of, and the interaction between, 
intake generated swirl and velocity, squish area and spark plug 
location. The results obtained for ignition delay time (time for 
first 10% mass burn), burn time (time for 10% to 90% mass burn) and 
cyclic dlspersion indicate that the interaction between parameters 
is large. For example, although 30% squish area reduced the burn 
time by 23% in one case, a reduction in the intake generated swirl 
rate produced a 24% increase for the same comparison. 
It was concluded that the single factor resulting in the 
largest reduction in burn time in the absence of the other factors 
was the spark plug location. Increasing the compression ratio 
from 8.3 to 10.9:1 on an open chamber reduced the delay time by 
22% but did not significantly affect the burn time. 
Several papers have been published showing the effects of using 
dual spark plugs. Diggs(57) has presented results showing that 
dual spark plugs can give a considerable reduction in burn time 
whilst Quader(58) has confirmed that both spark plug location and 
dual .spark plugs have a large effect on combustion duration and the 
lean limit. Oblander et al(98) show that a.~eduction in combustion 
duration and cyclic dispersion can be obtained with dual spark 
plugs. 
< Nakajima et al(59) compares the results from a compact wedge 
chamber with a "fast burn" engine of a zero squish, hemispherical 
head, dual ignition design. The results show that the dual ignition 
design is superior to the squish design on combustion rate, cyclic 
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dispersion and EGR (Exhaust Gas Recirculation) tolerance. 
To conclude on the papers reviewed in this sub-section, it is 
clear that combustion chamber design can have a very large effect on 
combustion rate, thereby affecting the smoothness, efficiency and 
lean mixture operation of the engine. The interaction between 
parameters means that it is not possible to propose optimum values 
of chamber shape, spark plug location or number of spark plugs. The 
most important parameter is that of compactness where for high 
burn rates, the chamber area should be concentrated around the spark 
plug(s). Of all the design parameters, spark plug arrangement 
appears to be the most important with the squish turbulence effect 
being much less significant. 
2.3.4 Knock 
Knock is the term used to describe the condition where part of 
the cylinder charge, the so called end gas, reacts simultaneously 
rather than progressively. Although it is not known(27) whether 
this is due to spontaneous ignition or a rapid acceleration of the 
flame front, knock must be avoided since it can lead to premature 
engine failure and results in reduced engine efficiency and "rough" 
operation. 
It is well knQwn that combustion chamber design has a major 
effect on the octane requirement of an engine at fixed compression 
ratio. Ricardo(l) demonstrated that reducing the volume of the 
end gas by using a squish design gave large improvements. Ricardo 
assumed that this was mainly due to the cooling of the end gas resulting 
from the heat transfer from the small mass of end gas to the cool 
cylinder walls, the heat transfer being enhanced by squish turbulence. 
Janeway(4) agreed with Ricardo and likened the Bnd gas cooling to 
that of a cup (i.e. combustion chamber) of hot flJid being transferred 
to a saucer (i.e. squish area). He concluded that squish areas of 
up to 20% were effective in reducing knock and that bumping clearance 
reduction also reduced knock. 
Caris et al(5) showed that combustion chambers having high 
combustion rates also have reduced octane requirements. Their results 
indicate that the octane rating can be reduced by either reducing 
combustion duration (i.e. end gas exposure time) or by quenching 
the end gas. 
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Andon and Marks(55) point out that increased cyclic dispersion 
will increase the octane requirement due to the more advanced M.B.T. 
ignition timing. Adams and Cantwell(60) emphasise the point that 
it is the fast burn cycles which produce the knock but agree that 
reducing the cyclic dispersion will reduce octane requirement. Oye(61) 
has put this theory into practice and operated an engine at a 
compression ratio of 15:1 using 98 RON fuel. He achieved this by 
using an inlet valve turbulence generator which reduces the 
combustion duration and cyclic dispersion. 
The reduction in octane requirement with reduced combustion 
duration has been confirmed by the use of dual ignition systems. 
Di99S(57) found that dual ignition reduced octane requirement but 
that the improvement was less when deposits were present. Oblander 
( 98' 
et al J also confirms that the tendency to knock is reduced with 
dual ignition. 
Caris et al(5) have shown that the octane requirement is 
greatly affected by equivalence ratio. The maximum value occurs 
slightly rich of stoichiometric and reduces significantly at weak 
mixtures. Bolt and Holkeboer(15) have pointed out the advantages 
M (62) of operating lean burn engines at high compression ratios. ay 
has combined the effects of lean mixture operation and fast burn 
rate in a high compression ratio, high squish area design. The 
14'6:1 compression ratio "Fireball" chamber has a "boost channel" 
which is reported to convert the squish into a swirling motion in 
the combustion space located below the exhaust valve. 
To conclude on the subject of knock, there is not doubt that 
combustion chamber shape and spark plug arrangement do affect the 
'\ 
octane requirement. The relative importance of end gas cooling, 
combustion duration and cyclic dispersion are not clear. The use 
of high compression ratio for lean burn designs should increase the 
combustion rate and hence improve the lean mixture performance. 
2.3.5 Exhaust Emissions 
The three main pollutants generated in the combustion process 
of an S.I. engine are carbon monoxide (CO), oxides of nitrogen (NO) 
x 
and unburnt hydrocarbons (HC). The CO emissions are mainly 
dependent on equivalence ratio and will not be considered here. 
NO emissions(53) are a result of dissociation and are reduced by 
x 
The 
reducing the gas temperature, the time of 
excess oxygen. The HC emissions (54, 55, 
exposure and the amount of 
66) 
are mainly a result 
of the formation of a quench layer around the cylinder walls, some 
of which is entrained during the exhaust process. 
For a given equivalence ratio, increasing the burn rate will 
increase the NO emissions due to the increased temperature effect 
being more do~i~ant than the reduced exposure time. Thring(2) 
showed that reducing the combustion duration by the use of multiple 
spark plugs caused increases of up to 113% in NO. Increased NO 
x (3 64) x 
with faster combustion has been observed by other workers ' 
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and implies that compact combustion chamber designs will have increased 
NO emissions. 
x 
However, spark plug position, apart from modifying the combustion 
rate, is also known(2, 67) to affect NO emissions due to the spatial 
x 
variation in charge temperature. The temperature of the charge burnt 
first may be 300 to 4DOoC(18) hotter than the last portion of charge 
to burn and therefore large spatial variations in NO occur. Due 
. x 
to the exhaust valve being much hotter than the remainder of the chamber 
wall, locating the spark plug near to the exhaust valve will increase 
the NO emissions. 
x 
The opposite effect has been shown for HC emissions. Varde and 
Lucas(67) have shown that minimum hydrocarbons are produced when the 
spark plug is closest to the exhaust valve because of the reduced 
quench effect at higher temperature. Dodd(65) has shO~;~ that the 
quench layer near to the exhaust valve is more readily entrained and 
therefore makes a more significant contribution to the emissions than 
than the quench layer around the inlet valve. 
Since He emissions are a function of combustion chamber 
surface area/volume ratio(66~ increased squish area and compression 
ratio will both tend to increase the HC emissions. This effect has 
(3 14 59) been found by a number of workers" although the difference 
between chambers is usually relatively small when operated at MBT 
ignition timing. 
M th h h (2, 14, 59, 98) th t b t· f t any au ors ave s own a y opera lng as 
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burn engines at optimum equivalence ratio and EGR rate, the emissions 
of NO and HC are less than for slOW8r burn engines. Therefore, in 
x 
general, combustion chamber design parameters which increase the 
combustion rate will increase the emissions at constant operating 
conditions and reduce the emissions at optimised operating conditions • 
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CHAPTER 3 
EXPERIMENTAL DETAILS 
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CHAPTER 3 
3.1 The ~fl9..i ne 
A Bermoter single cylinder air cooled 4 stroke engine was used for 
all the experimental work involved in this study. The engine, originally 
compression ignition, was converted to spark ignition operation by 
replacing the fuel injector with a spark plug, reducing the compression 
ratio and adding an electronic ignition system and petrol carburettor. 
The details of the modified engine are given in Table 3.1 
TYPE 
BORE mm 
STROKE mm 
CON-ROD LENGTH mm 
SWEPT VOLUME cc 
LV.D. 
LV.C. 
[.v.O. 
[.V.C. 
FUEL SYSTEM 
IGNITION SYSTEr~ 
BERMOTER W21 
70 
70 
120 
268 
120 b.t.d.c. 
42 0 a.b.d.c. 
42 0 b.b.d.c. 
120 a.t.d.c. 
It" SU CD CARBURETTOR 
CONTACTORLESS INDUCTIVE 
..;..T.;..;.A B;;;.;L;;;.;E~..;;;3..;;... ;;;;.l ___ ~E:;;.;N.;.::;G;;.:;I;.;..;N=-E, DETAIL S 
This engine was chosen in preference to the others available 
mainly due to the fact that both the piston crown and cylinder head 
face were approximately flat and parallel to each other. This feature 
was desirable since it readily allowed the shape of the combustion 
chamber to be changed by sandwiching a suitable spacer plate between 
the cylinder head and block. Furthermore, it resulted in a similar 
configuration to that of a motored engine being used in another study 
in the department for the measurement of charge motion ( 40). Similarity 
was important since it was hoped that a correlation between the fired 
and motored results would be obtained. 
This design arrangement greatly simplified the interpretation of 
the results since only the shape of the chamber is being changed, all 
other design features such as the inlet.port and valve, the spark plug 
location and the measurement probes remaining constant. This is 
considered to be of major importance when experimentally investigating 
the effects of combustion chamber design. (The reasons for this have 
been discussed in Section 2.3). 
Another consideration was the fact that the engine was of a 
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single cylinder air cooled design, reducing the amount of manufacturing 
and assembly work required for each chamber design. A single cylinder 
engine also allowed direct measurements of brake power, air/fuel flow 
rates, exhaust temperature and emissions etc to be made for the same 
cylinder as that used for flame position and pressure measurements. 
The engine was mounted on a test bed alongside a Heenan and Froude 
Hydraulic Dynamometer which was used to load the engine and allow 
measurement of the power output. A photograph of the engine test rig 
is shown in Fig. 3.1. 
3.2 Combustion Chamber Details 
A large number of combustion chamber designs were tested and for 
convenience, these may be split up into 5 groups:-
a) Disc (Cylindrical) 
b) Concentrated Squish (1 ) 
c) Bowl in Piston 
d) Concentrated Squish (2 ) 
e) "May Fireball" 
The above groupings represent both the type of chamber design and 
the chronological order in which the test programme was executed. A 
total of 21 chamber designs were tested, 18 of these being different 
chamber shapes and the remainder being variations in the spark plug 
position. The full range of designs tested in this work are listed in 
Table 3.2. 
a) Disc Chambers 
This type of design was obtained by fitting cylindrical spacer 
plates between the head and block, the inside diameter being the same as 
the bore. Two spacers were manufactured in different thicknesses to 
give compression ratios of 8:1 and 10:1. The basic arrangement is shown 
in Fig. 3.2. 
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REF C H AI''"IB E R SQUISH BUMPING COMPRESSION IGNITION 
No. TYPE COVERAGE CLEARANCE RATIO LOCATION 
% mm 
1 DISC 0 B.o NoRM.:\L (See Fig. 3.2) -
2 
" " 
0 
-
B.o CENTRAL 
3 
" " 
0 
-
10.0 NoR:vlAL 
4 TYPE 2 5 o.B B.o II (See Fig. 3.3) 
5 II 
" 
10 o.B B.o 
" 
6 
" " 
15 o.B B.o 
" 
7 
" 
II 20 o.B 8.0 
" 
8 
" " 
15 1.65 B.o 
" 
---_.-
---
9 
" " 
15 0.4 B.o II 
10 TYPE 3 5 o.B 8.0 
" (See Fig. 3.3) 
11 
" " 
10 o.B B.o 
" 
12 TYPE 4 5 o.B B.o 
" (See Fig. 3.3) 
!----
--
13 
" " 
10 o.B 8.0 
" 
-
14 " " 15 0.8 8.0 " 
15 TYPE 5 5 O.B 8.0 
" (See Fig. 3.3) 
16 BOWL IN PISTON 47.3 0.7 B.O 
" (See Fig. 3.6 ) 
17 CONCENTRATED (2) 4B.0 0.8 B.o As (See Fig. 3.7) Fig. 3.7 
lB "FIREBALL" 0.8 10.0 No. 1 (See Fig. 3.9) 
19 
" " 
0.8 10.0 No. 3 
-------
20 
" " 
0.8 10.0 No. 1 & 3 
21 
" " 
0.8 12.6 No. 1 
TABLE 3.2 RANGE OF COMBUSTION CHAMBER DESIGNS TESTED 
The majority of the tests using spacer plates were conducted 
using a spark plug located in plac8 of the original fuel injector. 
This will be referred to as the "normal" spark plug location and was 
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19 mm fron the centre of the chamber as shown in Fig. 3.2. In addition, 
a "central" spark plug location was tested for the 8:1 compression 
ratio version of the two disc chambers, this spark plug being made from 
a modified ionisation probe design. 
b) Concentra~ed SqUish (1) 
A total of 12 of these squish designs were tested. The squish areas 
were arranged in either a single or double sector resulting in 4 basic 
designs, designated types 2 to 5 (type 1 being the disc chamber) and are 
shown in Figs. 3.3 and 3.4. 
The squish areas were incorporated into squish plates, the thick-
ness of the plates being varied with squish area to maintain a constant 
compression ratio of 8:1 for all of these tests. The bumping clearance 
(piston crown to squish face at TDC) was maintained constant at 0.8 mm 
for all the tests except two. In these cases, the bumping clearance 
was adjusted to 1.65 and 0.4 mm for the 15% type 2 design only. The 
full range of concentrated squish plates tested are shown in Table 3.3. 
TYPE % SQUISH BUMPING THEORETICAL SQUISH 
(See Fig. AREA CLEARANCE VELOCITY ® 1000 RP~ 
3.3) mm & 3500 (M/S) 
2 5, 10, 15, 20 0.8 1.37, 2.2, 2.92, 3.59 
-
2 15 0.4, 1.65 4.175, 1.69 
- -
3 5, 10 0.8 1. 37, 2.2 
4 5, 10, 15, O.B 2.2, 3.59, 4.83 
5 5 0.8 2.2 
TABLE 3.3 CONCENTRATED SQUISH DESIGNS 
The % squish area is defined as the squish area/bore area and 
will be used throughout this thesis when referring to a chamber design, 
e.g. 10% type 2. 
The theoretical squish velocities given in Table 3.3 were 
calculated using the expression derived in Appendix IV. 
It should be noted that this group of chamber designs were 
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limited to a maximum of 15% squish in one area or 20% squish in two 
areas. Also, the majority of the designs had the squish area adjacent 
to the spark plug rather than on the far side of the chamber. The 
reason for this was that the position of valves and spark plug (see 
Fig. 3.2) limited the maximum amount and position of the squish that 
could be incorporated. 
c) Bowl in Piston 
A single bowl in piston design was tested using the same cylinder 
head and spark plug location as for the previous designs (see Fig. 3.2). 
The bowl was obtained by machining out a standard Bermoter piston, 
which in its original form had a small dia. bowl that was plugged up 
for the flat piston designs. The gen3ral arrangement of the bowl in 
piston design is shown in Fig. 3.5 and 3.6. 
The bowl diameter was 50.8 mm giving a squish coverage of 47.3%. 
The compression ratio was maintained at 8:1 and the bumping clearance 
was reduced slightly from the previous value to 0.7 mm (due to a 
maching error) giving a theoretical squish velocity of 5.87 m/s at 
100 BTDC and 1000 RPM. 
d) Concentrated Squish (2) 
The previously mentioned concentrated squish designs were limited 
to relatively small squish areas positioned adjacent to the spark plug. 
Although this arrangement offered a number of advantages from a 
research point of view, it was not completely representative 
of production engines which would normally have larger squish 
areas opposite the spark plug. 
Although such a design was therefore required to be tested, it 
was clearly not possible to achieve this using the same arrangement 
as used for the previous concentrated squish area designs. The final 
arrangement used is shown in Figs. 3.7 and 3.8. This single design 
still utilised the original cylinder head as used before thereby 
allowing direct comparisons with the previous results to be made. 
The original spark plug was blanked off and a new 12 mm spark plug 
was installed into the side of the squish plate adjacent to the 
valves. The squish coverage of 48% was made up of 8% on the valve 
side and 40% on the opposite side to the spark plug, both of these 
being in the form of sectors. The compression ratio was again 
fixed at 8:1 with a bumping clearance of 0.8 mm. 
e) May "Fi reball" 
The final chamber designs tested were broadly based on the 
"Fireball" design of Michael May reported in Ref. 68 • This was 
considered an important addition to the range since it is a high 
squish area, high compression ratio engine which has been reported 
( 62 ,68 ) to give good performance with lean mixtures. 
The Fireball chamber was achieved by producing a cast 
aluminium insert which fitted inside a second modified Bermoter 
cylinder head. This design is shown in Figs. 3.9 and 3.10. 
Two of these designs were tested with compression ratios of 10:1 
and 12.4:1. Bumping clearance was maintained at 0.8 mm. 
Water cooling was employed by machining channels and casting 
passages in the head and insert. This feature .was considered 
necessary to avoid excessive wall temperatures causing knock and 
pre-ignition at the h~gh compression ratios. Another useful design 
attribute was the provision of three spark plug access positions. 
These allowed for the investigation of the effects of spark plug 
position and multiple spark plug and also gave access for 
measurements such as pressure, flame arrival, charge velocity etc. 
A simple water coolant circuit was used which utilised a small 
centrifugal pump to circulate water through the cylinder head. The 
temperature was controlled by manually adjusting the flow rate of 
cold mains water into the coolant circuit resulting in a similar 
amount of hot water over-flowing from a header tank to waste. 
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3.3 Instrumentation 
The main parameters to be measured during the experimental 
work were the cylinder pressure and the flame propagation rate. In 
addition, exhaust temperature and emissions,brake load, air flow 
rate, fuel flow rate, engine speed and ignition timing were also 
required to be determined. 
45 
All the variables except pressure and flame propagation were 
continuously displayed and manually noted during the testing. This 
was possible since the time average values were required and there-
fore only one reading for each variable per test condition was 
required. In the Case of pressure and flame propagation, measured 
using ionisation probes, the time average values were not suitable 
and either ensemble averaged or instantaneous values were required. 
Since cyclic dispersion is an important parameter in this work, 
instantaneous values were required in most cases. 
A further requirement was that all instantaneous pressure and 
ionisation data be recorded simultaneously. This was necessary to 
allow accurate flame profiles and speed to be determined and to 
permit a comparison between measured flame arrivals and calculated 
values based on the measured pressure analysis. 
It was decided that the best method for dealing with the pressure 
and ionisation data was to record this information on a multi-channel 
tape recorder together with crank angle marker pulses. Apart from 
allowing instantaneous values of a number of channels to be recorded 
simultaneously, it permits a significant reduction in engine running 
time due to the multi-channel capability and because of the fact 
that data reduction is performed after the tests. The reduction 
in running time results in increased reliability, improved control 
over the test conditions and reduced demand for laboratory facilities. 
The instrumentation used is shown in Figs. 3.11 and 3.12. A 
brief description of the individual items of equipment is given below. 
The cylinder pressure was measured using a Kistler Type 6121 
piezo-electric transducer, flush mounted in the cylinder head, 
together with a Kistler type 566 charge amplifier. The 6121 was 
chosen because of its compactness, ability to operate at combustion 
chamber temperatures without water cooling and its very good 
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overall specifications. The transducer and charge amplifier were 
calibrated prior to starting the experimental test programme, details 
of the calibration are given in Appendix II~ 
The flame propagation parameters were determined by using a 
number of ionisation probes in conjunction with an ionisation amplifier. 
The number of probes used at anyone time varied from a minimum of 
2 to a maximum of 9. The ionisation instrumentation details are given 
in Appendix II whilst Fig. 3.2 and 3.9 show the ion probe locations. 
A Sangamo 3500, 14 channel F.M. tape recorder was used to record 
the pressure, ionisation and crank angle marker pulses. A recording 
speed of 60 i.p.s. was used throughout the tests and the maximum input 
voltage was not allowed to exceed 1.5 volts. 
Crank angle markers were produced at 20 intervals by using a 
slotted disc in conjunction with 2 optical switches. A 200 mm dia. disc 
with 180 slots equally spaced around the circumference to produce the 
interval markers was sandwiched between the flywheel and cooling fan 
disc. A further single slot to produce an absolute position marker 
pulse was positioned on the same disc but at a slightly greater radius 
than that used for the 20 slots. 
The slotted switches, manufactured by R.S. Components, comprised 
of a light emitting diode and photo-transistor aligned and mounted 
in a plastic moulding. Two of these, one for the 20 interval markers 
and one for the absolute position marker, were fixed to the inside of 
the cooling fan casing. They were carefully pcsitioned such that the 
interval markers corresponded to even numbers of crankangle degrees 
(e.g. T.D.C., 20 , 40 etc) and the absolute position marker pulse 
occurred at 1590 B.T.D.C. The slotted disc/switch arrangement is 
shown diagramatically in Fig. 3.13. 
The system described resulted in one absolute position marker 
per engine revolution whilst only one pulse per cycle (i.e. every 2 
revs.) was required. This requirement was achieved by electronically 
gating out the pulse occurring in the exhaust stroke with a pulse 
derived from the electronic ignition slotted switch fitted to the 
camshaft. This arrangement was considered to be an improvement over 
using a pulso derived directly from the camshaft since in the former 
case, the pulse can be positioned more accurately. 
A few runs were conducted using pulses of 10 interval instead of 
the normal 20 value. This was achieved using a pulse shaper which 
produced a second pulse at an adjustable delay period after the first 
pulse. 
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The air flow rate was determined with a viscous flowmeter in 
conjunction with an inclined manometer. This type of flowmeter was used 
since it is not significantly affected by the cyclic flow of a single 
cylinder engine. The flowmeter was calibrated at the the start of 
the work and details of the calibration are given in Appendix 1. 
The fuel flow rate was measured using a 50 ml pipette and 3 way 
valve arrangement in conjunction with automatic electronic timing. 
This piece of apparatus is described in detail in Ref. 69 • 
The ~ngine speed was obtained by using an inductive probe mounted 
in close proximity to a 60 tooth wheel fitted to the dynamometer shaft. 
The resulting frequency in Hz therefore corresponded to the engine 
speed in RPM and was indicated on a digital display. 
The brake load was determined using a spring balance and weight· 
arrangement attached to the load arm on the Heenan and Froude Dynanometer. 
Brake power was then given by:-
Brake Power = W • N /6032 kW 
Where W = Brake Load in Ibf 
N = Engine Speed in RPM 
The ignition timing was manually adjusted to the desired setting 
by rotating an optical slotted switch relative to the camshaft timing 
disc. A timing light illuminated crank angle marks engraved on the 
flywheel. The timing light was disconnected after each adjustment 
to avoid electrical interference to the instruments. 
The exhaust emissions were analysed to determine the concentrations 
of CO, CO2 , NO and unburned hydrocarbons (as Hexane) in the exhaust 
using 4 non-dispersive infra-red gas analysers manufactured by The 
Analytical Development Company Ltd. The exhaust sample, taken 
continuously from a tapping approximately 100 mm downstream of the 
exhaust valve was cooled, dried and filtered before being fed to the 
analysers. Span gases with a known concentration of the relevant gas 
were used to calibrate the analysers. 
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The exhaust temperature was measured using a Chromel/A1umel 
thermocouple in conjunction with a Comark Type 1601 electronic 
thermometer. The thermocouple was installed in to the exhaust pipe 
approximately 100 mm downstream of the exhaust valve. 
3.4 Data Processing Equipment 
The pressure and ionisation data were recorded on a magnetic 
tape recorder together with crank angle marker pulses as detailed in 
Section 3.3. Due to the large amounts of data produced, it was decided 
to use a digital computer to reduce and analyse the data. 
It was therefore necessary to cbnvert the analogue pressure and 
ionisation signals into digital form. This operation was performed 
using a Hewlett Packard (HP) 2100 A Digital Computer with a 
HP5465 Analogue to Digital Converter (A.D.C.) and two HP 7970E Digital 
Magnetic Tape Units. A HP high speed paper tape punch and reader and 
a Teletype Terminal were also used to input and output data. 
An important feature of this A.D.C. is that the digitising 
location and rate may be controlled by the use of external trigger and 
external clock pulses respectively. Thus, in this work, the crank 
angle absolute position marker was used as the external trigger to 
enable the A.D.C. to operate and the crank angle interval marker pulses 
were used as the external clock to set the digitising rate. A block 
diagram of the digitising/processing system is shown in Fig. 3.14. 
Once started by the external trigger pulse, the analogue signal 
was digitised at every external pulse until the specified block size was 
reached, at which point the A.D.C. was inhibited. 
block size of 256 was used. 
For this work, a 
Therefore, it can be seen that since the external trigger pulse 
occurs at 1590 BTDC and the external clock pulses occur every 20 , the 
digitising will start at 15So BTDC and continue every 20 until SO BTDC 
on the exhaust stroke. The part of the cycle not digitised consisted 
almost entirely of the intake stroke, which was not of interest for 
this study. 
The data thus digitised were stored on one of the digital magnetic 
tape units in blocks of 256. Each value in a block corresponded to a 
precise crank angle location and each block corresponded to a precise 
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engine cycle of a test run. These data were then either processed directly 
by the HP computer or output on either magnetic or paper tape to be 
processed by the University's I.C.L. 1904S computer. 
3.5 Range of Operating Conditions Studied 
Each of the chamber designs listed in Table 3.2 was tested over 
a range of engine speed, ignition timing and equivalence ratio. Early 
work on the concentrated squish designs was conducted at full (wide 
open) throttle conditions but the remainder of the tests were performed 
with a constant volumetric efficiency of 75%. This was done to ensure 
that the chamber designs were tested at as near identical conditions 
as possible so that comparison of the results would be simplified. 
In addition, a few tests were made over a range of throttle settings 
for several of the designs. 
To allow the large range of operating conditions to be achieved 
whilst maintaining the experimental work within a practical time scale, 
each of the parameters was varied in turn whilst all other variables 
were fixed at a specified "datum" condition. The values of the datum 
conditions and the range over which the variables were tested are 
shown in Table 3.4. 
PARAMETER PARAMETER VALUE OF OTHER PARAMETERS 
BEING RANGE ENGINE IGN TIMING AIR/FUEL 
VARIED TESTED SPEED (RPM) DEG BTDe RATIO 
ENGINE 1500 - 3000 300 * 13 :1 SPEED (RPM) -
IGN TIMING 6M.B.T. 2:200 
, 
DEG BTDC 2000 - 13 :1 
AIR/FUEL :a:-lO:l TO 2000 300 * RATIO L.M.L. -
TABLE 3.4 RANGE OF OPERATING CONDITIONS TESTED 
* The 300 ignition timing was used for the 8:1 compression ratio 
tests only and values of 200 and 150 were used for the 10:1 and 12.4:1 
compression ratio design respectively. A few tests were also done at 
M.B. T. timing. 
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A fixed rather than M.B.T. timing was used for the majority of 
the tests due to the fact that flame speed and hence combustion rate 
are greatly affected by ignition timing. If the ignition timing is 
not maintaIned constant, the measured changes in flame speed and 
pressure may be due more to the ignition change than due to the 
parameter being studied. For example, if M.B.T. timing is used when 
testing a combustion chamber with initially "cent:tal" ignition and later 
"side" ignition, the former would require less ignition advance than 
the latter and as such would almost certainly result in increased 
measured flame speeds. If on the other hand a fixed ignition timing 
had been employed, the change in flame speeds would have been quite 
different. This is a very important point which is apparently often 
neglected by researchers. 
A further objection to testing at M.B.T. timing is that it is 
extremely difficult to determine exactly the optimum ignition setting. 
Apart from being a time consuming operation, it tends to result in 
increas8d scatter of measured ionisation and pressure data. M.B.T. 
timing is useful when comparing brake power related parameters such 
as power output and efficiency since production engines will operate 
at about this setting. 
An air to fuel ratio of 13:1 was chosen for the datum condition 
since the parameters being measured are fairly insensitive to air to 
fuel ratio errors at this setting. Due to the instrumentation used 
for determining the air and fuel flow rates and the type of fuel 
system employed, errors in the true air to fuel ratio must be expected 
and allowed for. A more accurate exhaust gas analysis method would 
have been preferred but the necessary equipment was not available. 
3.6 Experimental Procedures 
Prior to testing each design, the spark plug gap and valve 
clearance were adjusted to 0.7 mm and 0.25 mm respectively and the 
air flow manometer and dynamometer spring balance were zeroed. The 
exhaust gas analysis equipment, having been switched on with the 
other equipment as least several hours before testing, was calibrated 
using the span gases and fresh ice, a new filter and if necessary fresh 
silica gel were provided. 
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All of the engine. tests were made under "clean" chamber or 
minimum carbon deposit conditions since the presence of carbon deposits 
( 28 ,70 ) is known to greatly affect the measured flame speeds 
The effect of carbon deposits was confirmed during this work when results 
obtained from a combustion chamber used for the instrumentation 
developm~nt work (run for approx. 100 hours) were compared with the 
same chamber soon after having the deposits removed. 
(28 ) Harrow and Orman suggest that the mechanism through which 
deposits increase the flame speed is either due to increased turbulence 
resulting from increased surface roughness or a surface-catalysed 
preflame reaction whilst Downs( 70 ) presents results which suggest 
that the deposits accelerate the end gas reactions. A further effect 
of deposits when using ionisation probes is to cause a change in probe 
impedance which may affect the response time (See Appendix II). 
Whatever the reason for the carbon deposit effect, it is clearly 
desirable in the interests of accuracy to test under similar conditions 
(i.e. either "clean" or "dirty"). For this work, the following 
procedure was adopted to ensure minimum deposits:-
a) Before each rebuild, the combustion chamber and ionisation 
probes were cleaned to remove the majority of carbon deposits. 
b) The engine was run on slightly weak mixtures for about one 
hour prior to the start of testing to allow time for warm up 
and setting up /checking of instrumentation. 
c) The testing time was reduced to about 90 minutes by using 
the multi-channel tape recorder system. 
d) An identical test procedure was adopted for all the work 
and excessively rich mixtures were avoided or tested last. 
During the tests, direct readings were made of fuel flow rate, 
air flow rate, brake load, engine speed, exhaust temperature and 
emissions. Air to fuel ratio and volumetric efficiency were determined 
during the tests to allow these to be adjusted to the desired values. 
The other data obtained from the tests were recorded on the tape 
recorder and consisted of cylinder pressure, ionisation (up to 9 
channels) and crank angle markers. Some special procedures were found 
to be necessary to ensure good accuracy and these are outlined below. 
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Prior to recording the ionisation data for each test condition, 
the amplifier input and output signals were checked using a Cathode Ray 
Oscilloscope (C.R.O). The ionisation supply voltage was adjusted to 
give an average input signal of 4Vpkto pk under all operating conditions 
to ensure approximately constant response time (See Appendix II). 
The cylinder pressure was displayed continuously on a C.R.O. during 
the tests and prior to recording, the signal was checked for d.c. drift 
and if necessary the charge amplifier was grounded to give an acceptable 
signal (within about 0.1 V). Signal drift during the tests occurred at 
a slow rate and normally only one or two adjustments were necessary 
during the test since a correction for d.c. errors was made at the 
data analysis stage (See Section 4.3). 
The crank angle marker pulses were continuously displayed on a 
C.R.D. during the test run and these were checked before each recording 
to ensure that no pulses were missing. It was found that no problems 
were encountered providing the pulse shaper was set up to produce a 
satisfactory output at the maximum frequency (i.e. 3000 RPM engine speed). 
The tape recorder tape path components (i.e. record/erase head, 
idlers etc) were periodically cleaned using iso-alcohol. The accuracy 
of signal reproduction ~as checked periodically for all the channels being 
used and adjustments were made when necessary to give acceptable results. 
An exact reproduction was not required for the ionisation and crank 
angle marker signals since these swing rapidly between logic states. 
An accurate determination of the pressure signal amplitude was 
required however and to obtain this a set of calibration signals of 
known voltages were recorded on the pressure channel at the start of 
each magnetic tape during the engine warm up period. This procedure 
is outlined in Appendix I and has the advantage of giving accurate signal 
reproduction (using a simple transfer function) even in the event of 
component or calibration setting changes which would probably occur 
over a period of time. 
The data were recorded at 60 inches per second (i.p.s), each test 
occupying 100 ft (20 seconds record time/test condition) of the 3500 
ft long tape, this corresponding to 500 engine cycles at 3000 RPM. 
Approximately 5 ft of tape was left unrecorded between the recordings 
so that the start and finish of a test run could easily be identified 
during playback. 
The data on the tape recorder were later digitised on the A.D.C. 
system described in Section 3.4. Due to the maximum digitising 
frequency, each channel was digitised separately using a tape speed 
of 7! i.p.s.,i.e. a speed reduction of 8. A block size of 256 was 
used for the majority of the results with a sample size of 99 
blocks (or engine cycles) being chosen since this allowed the data 
to be stored in blocks of 100 (1 block being used to write the 
block qualifier or calibration data) and represented agood compromise 
between accuracy and computer storage/processing time. 
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The information on each of the channels was digitised over 
approximately the same portion of the tape, starting the A.D.C. at 
about the same tape position counter reading each time. This would be 
expected to give slight variations in the exact engine cycles digitised 
which is not important if comparing ensemble averaged values. 
In a few cases however, several ionisation and pressure values for 
identical individual cycles were required. This requirement was 
achieved by grounding the crank angle absolute position marker pulse 
during the first several seconds of recording and then on digitising, 
the A.D.C. was u~able to start until the first trigger pulse was 
received. Since this was the same pulse each time a channel of data 
was digitised, each block number of each channel was for the identical 
engine cycle. 
The data thus digitised were stored on a magnetic tape, each tape 
having a capacity of about 1.5 million data values equivalent to about 
55 test runs of 100 cycles for a single data channel. 
The ionisation data were generally ensemble averaged on the HP 2100 A 
computer and the results of interest were outputted either on paper tape 
(to be processed by the I.C.L. 1904 S computer) or on the terminal to 
be manually processed. 
The pressure data were always (except for checking purposes)processed 
on the I.C.L. computer using the raw data for the individual engine 
cycles so that cyclic dispersion could be analysed. This information as 
stored on the A.D.C. throughput file was not I.C.L. compatible and was 
therefore translated onto a second magnetic tape loaded on the other 
digital tape deck. 
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This tape was then taken to the University Computer Centre where 
the data were re-formatted and stored on a I.C.L. data file. The 
information on this file was then available for the analysis procedure 
which is described in the following chapter. 
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CHAPTER 4 
4.1 Introduction 
The data obtained from the engine tests may be considered to fall 
into one of two categories. First, steady state or time independent 
measurements which include power output, exhaust temperature and 
exhaust emissions. These variables required only a single reading per 
test condition and derived parameters such as brake thermal efficiency 
are easily obtained using simple standard expressions. Details of the 
analysis of this type of data are given in most text books on the 
subject (e.g. refs. 1 ,69 ) and therefore no details will be given 
here. 
This chapter deals exclusively with the analysis of the second 
data group involving the instantaneous or time dependent parameters 
which covers the ionisation and pressure measurements. The time 
dependence of these parameters is due to both variations in the signal 
amplitude during the engine cycle and a variation between cycles due 
to cyclic dispersion (defined in Section 2. 2 ~ This resulted in large 
quantities of data and sUbstantial data analysis was required to 
yeild the information needed. 
The majority of the data analysis for both the ionisation and 
pressure data was performed to obtain "mean" values based on a sample 
size of 99 consecutive engine cycles. The results obtained from 
this type of approach were representative of an equivalent dispersion 
free engine cycle and allowed comparisons to be made more readily 
between test conditions. 
In addition, several test conditions were analysed using data 
from individual cycles. In this case, the variations in flame 
propagation and pressure development, both during combustion and from 
one cycle to the next were studied. 
The analysis of the ionisation data to obtain flame propagation 
parameters was performed using a technique which is described in the 
next section. The pressure data was converted to absolute pressure 
values using a method described in Section 4.3 and these results were 
then further analysed using the same program to give values of burnt 
mass fraction. In addition, selected samples of the pressure values 
were analysed using a heat release computer model, developed as part 
of this work, to yield burnt mass fraction, flame propagation rates 
and other information. Details of this program are given in 
Section 4.4 whilst a comparison between burnt mass fraction 
results and the effect of data errors are examined in Section 4.5 
4.2 Analysis of Ionisation Results 
4.2.1 General Description 
The ionisation data analysis system used for this work was 
different from that employed by previous workers (reviewed in 
Section 2.2 ) and offered several major advantages such as:-
a) Consecutive cycle analysis 
b) Multiple channel recording 
c) Individual and multiple cycle analysis 
d) Good accuracy 
e) Greatly reduced engine running time 
f) Computer data reduction, analysis, graphical output etc 
g) Minimal rig hardware required 
The method used was based on the F.M. Tape Recorder/H.P. ADC 
system described in the previous chapter. The tape recorder gave many 
of the above advantages and allowed the simultaneous recording of up 
to 9 ionisation channels, cylinder pressure signal and 2 crank angle 
marker pulse signals. (Although an on-line computer would have been 
preferable, the very high data generation rate (up to 90,OOO/second) 
was prohibitive). The H.P. ADC allowed the data to be digitised at 
exact crank angle locations (rather than at preset time intervals) and 
permitted rapid data manipulation. 
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The ionisation signals recorded were basically square waves, the 
+ve going edge corresponding to flame arrival. Fig. 4.1 shows a typical 
ionisation signal, together with the crank angle marker pulse signals. 
The important features to note about the ionisation signal are the low 
and high voltage levels of approximately 50 mV and 1.0 V respectively, 
the pulse length of about 20 mS and the rapid change in signal from 
logic levels 0 (50 mV) to 1 (1.0 V) with negligible overshoot or 
transient. The 20 mS long pulse is equivalent to 3600 at 3000 RPM or 
1800 at 1500 RPM. The pulse shape is only really important when 
determining the mean flame arrival angles and will be discussed 
further in Section 4.2.3. 
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The ionisation signal was digitised at either 10 or 20 intervals, 
the former value being used for the single cycle analysis only. Since 
the digitising process was initiated for each cycle by the absolute 
crank angle marker pulse, occurring at 1590 BTDC, the digitised data 
could be identified with exact crank angle locations. These data were 
stored in blocks containing the data from one cycle and therefore each 
value could be identified with a specific engine cycle crank angle and 
data channel. 
Having digitised the ionisation signals, the data were then analysed 
to determine the important flame propagation parameters. These 
parameters, together with their definitions are as follows:-
flame Arrival Angle g 
n 
This is defined as the crank angle at 
which ionisation is first detected at probe number n. For 
individual cycles, this is the point at which the ionisation 
signal changes state but for mean cycles, it is defined as the 
crank angle at which there is a 50% probability that a flame will 
have arrived at the probe. (See Section 4.2.3) 
Flame Travel Angle g 1 2 
n ,n 
This is the crank angle required by 
the flame to propagate between points 1 and 2 and is defined by 
Q 
nl,n2 = 
- (4.1) 
Note that nl may refer to a probe or an active spark plug. For 
example g 1 would refer to the flame travel angle between ignition 
s, 
(spark) and probe 1. 
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Flame Travel Time t 
nl,n2 This is simply the flame travel time 
angle expressed in terms of time rather than crank angle, i.e. 
t 
nl,n2 = 
g 
nl,n2 
6.N 
- (4.2) 
Where N = Engine speed in RPM 
Flame Speed U 
nl,n2 This is the average speed at which the 
flame propagates spherically between points nl and n2 and is 
defined by: 
U 
nl,n2 = x nl,n2 
t 
nl,n2 
x .6. N 
= nl,n2 
g 
nl,n2 
- (4.3) 
Where x is the spherical distance (origin at spark plug 
nl,n2 
e18ctrodes) between points nl and n2. 
Flame Dispersion 0.. 
n 
This is only applicable to mean cycle 
analysis and is defined as the crank angle difference between 80% 
and 20% probabilities of flame arrivals. (See Section 4.2.3) 
4.2.2 Individual Cycle Analysis 
Individual engine cycles were studied for 2 main roasons, namely: 
a) To provide data for the heat release computer program (described 
in Section 4.4) so that the accuracy of the model in predicting 
flame propagation could be determined for both individual and mean 
cycles. 
b) To examine the cyclic dispersion in detail. In particular, 
the variation with consecutive cycles and the variation during the 
propagation across the combustion chamber. 
It is clear from Fig. 4.1 that if the values at 10 intervals are 
printed out, the flame arrival angle can be determined by locating the 
point at which the signal changes from logic state 0 to 1. For example, 
consider the following values. 
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CRANK ANGLE (Deg) 364 365 366 367 368 369 370 
AMPLITUDE (m V) 35 36 35 997 997 996 998 
The flame arrival angle is clearly between 3670 and 3680 although 
the exact value cannot be determined using this method. (This resolution 
limitation does not occur for the multiple cycle analysis described 
later upon which the majority of the work was based). However, the 10 
resolution was considered acceptable for this work, being relatively 
small compared with both cyclic dispersion and flame travel angles. 
For the results given in Chapter 5,' flame arrival was taken to be the 
crank angle which corresponded to the last "low". Therefore, for the 
data shown, a flame arrival angle of 366 (3 0 ATDC) would have been 
assumed. 
Although it is possible to determine the single cycle flame 
arrival angles by manually examining the data in the region of interst, 
this would have been very time consuming for the several thousand 
cycles examined. Therefore, the data was transferred to the I.C.L. 
computer for processing. A simple program read the data for each cycle 
and located the point at which the voltage exceeded a specified value 
(arbitrarily set at 300 mV). The preceeding crank angle and cycle 
number were then printed and the process continued. 
The analysis procedure used for the ionisation data is shown 
schematically in Fig. 4.2 for both the individual cycle and mUltiple 
cycle analysis. The latter is described below. 
4.2.3 Multiple Cycle Analysis 
The majority of the data were processed to obtain parameters based 
on a mean engine cycle obtained by averaging 99 consecutive cycles. 
Mean values are necessary for comparing the performance at different 
operating conditions and engine designs. 
To obtain the mean flame arrival angle and flame dispersion, it 
is necessary to plot a cumUlative flame arrival frequency graph as 
shown in Fig. 4.3. Having constructed this type of graph, the required 
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values can be read off as indicated. 
One method which has been used ( 28 ) to obtain the flame arrival 
frequency plot is to employ a Flame Frequency Counter as described in 
Appendix II. A second method is to determine the flame arrival angles 
for a number of consecutive cycles and to use these values to obtain 
the graph. 
Clearly the latter method would have been suitable for this work 
since the flame arrival angles for individual cycles could be determined 
using the method described in Section 4.2.2. The percentage flame 
arrivals at each crank angle location could then be calculated and 
plotted. 
However, since the object was to obtai~ a cumulative frequency 
plot, this can be obtained directly by ensemble averaging the "square 
wave" ionisation signals. The effect of ensemble averaging several 
dispersed squar3 wave signals is illustrated in Fig. 4.4. This 
procedure would clearly give the same results as determining individual 
cycle values providing that the ionisation signal satisfies the 
following criteria:-
a) the voltages for logic level a and 1 are constant with 
negligible overshoot and instantaneous response between logic 
states. 
b) signals changing to logic level 1 must remain at this level 
for the total period of interest. 
The reason for using the ionisation signal shown in Fig. 4.1 should 
now be apparent. The 20 mS long pulse (any value between about 10 
and 30 mS would have been satisfactory) was necessary to ensure condition 
(b). Also, although the tape recorder caused a slight distortion of the 
signal, this was found to be negligible and therefore condition (a) 
was also satisfied. 
The averaging technique has several advantages over calculating 
individual cycle flame arrival angles. First, ensemble averaging on the 
H.P. computer can be performed rapidly (approx. 30 S for 99 cycles) and 
requires only a simple keyboard program. Also,having obtained the 
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averaged signal, only a few values per test were required to be outputted 
and hence there was no need to transfer large amounts of data to the 
I.C.L. for processing. 
The system as described gives the flame frequency curve in terms 
of voltage and since no attempt was made to preset the low and high 
values to exact values, the zero and 100% values would correspond to 
about 50 mV and 1.0 V respectively. (A pulse shaper to give voltage 
levels of zero and 1.0 V was considered but was not used for this work). 
Therefore to obtain the mean flame arrival angle (50%) and flame 
dispersion (80% - 20%), 3 alternatives were possible:-
a) To plot voltages and scale the graphs 
b) To plot voltages and scale the 20%, 50% and 80% points 
c) To convert all voltages into percentage values. 
Of these three alternatives, the latter was used since it could be 
achieved easily and it simplified graph plotting, interpolation and 
presentation of the results. This was achieved by outputting the ensemble 
averaged data over the range of interest (about 30 values) on paper tape 
which was then used as data for a simple computer program run on the 
I.C.L. computer. The percentage flame arrival frequency f was 
calculated using 
= x 100 % - (4.4) 
where Vo = Voltage level for zero flame arrivals 
VIOO = Voltage level for 100% flame arrivals 
Va = Voltage level at 9 crank angle. 
Having calculated the percentage flame arrival values at 20 
intervals over the range of interest, the next step was to construct 
the flame frequency plot. (Note that it was not generally possible 
to calculate the 20, 50 and 80% points by interpolation to the desired 
degree of accuracy). Ideally, this operation should have been performed 
by the computer but unfortunately this was not practical due to the 
scatter in the data. A best fit technique could not be employed due to 
insufficient data points in most cases. 
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Therefore, the data was plotted on graph paper by hand and a best 
fit curve was drawn through the data points. In a few cases, the data 
were plotted by the computer and the curve was drawn later by hand. The 
mean flame arrival angle and flame dispersion were then read off the 
graphs as indicated by Fig. 3.3. It should be noted that the crank 
angle resolution limitation discussed for single cycle analysis does 
not occur for the multiple cycle analysis. 
In summary, the mean cycle ionisation analysis procedure was as 
follows: 
a) Ensemble average 99 consecutive ionisation signals 
b) Output approximately 30 data values of interest on paper 
tape. 
c) Convert the voltages into percentages 
d) Plot flame frequency curves 
e) Read off the mean flame arrival angle and flame dispersion 
values. 
4.3 Cylinder Pressure 
4.3.1 General 
The cylinder pressure signals were digitised and then transferred 
to the University's I.C.L. 19045 computer for processing as detailed 
in Section 3.6. These datawere then analysed to determine a number of 
parameters which can be used to indicate the combustion rate. These 
computations involved: 
a) Calculation of pressure parameters such as ensemble averaged 
pressure diagrams, maximum pressures for individual cycles, cyclic 
dispersion and maximum pressure rise rates. These values were 
calculated from the voltages read from the magnetic tape files 
with corrections being made to allow for both sensitivity and 
zero errors. 
b) Determination of the burnt mass fraction and associated 
variables. These were calculated from the pressure time 
diagrams using an expression derived from an approximate 
thermodynamic analysis. 
c) The pressure time diagram was used as data for a "heat 
release" combustion simulation program which calculated burnt 
mass fraction, flame speed, turbulent buring velocity etc. 
76 
(a) and (b) above were achieved using a single program which is 
described below whilst the heat release program of (c) was run 
separately using selected pressure data. This is described in Section 4.4. 
4.3.2 Pressure!M3ss Burnt 'Program Description 
A flow chart showing the major operations in the pressure!mass 
burnt computer program, called PRESS, is shown in Fig. 4.5 and a 
listing of the same program is given in Appendix VIII. Both 
individual and multiple cycle analysis were performed using similar 
procedures. A brief description of the more important features of the 
analysis is as follows: 
The pressure data voltages for 99 consecutive cycles were read 
off the magnetic tape files and ensemble averaged (multiple cycle 
analysis only). The maximum pressure voltage and the corresponding 
crank angle were also located during the averaging process. These 
values were then converted into relative pressures (in Bars) by 
multiplying by the calibration constants for the pressure transducer! 
data acquisition systems (see Appendix I for details of calibrations). 
At this stage, the results were in terms of relative pressures 
and hence it was necessary to convert them into absolute values (the 
need for this correction together wit.h some effects of pressure errors 
are discussed in Appendix III). Several methods were available for 
the accurate determination of absolute pressures and these are 
reviewed in Appendix III. However, these methods were all rejected 
due to either increased instrumentation requirements, increased data 
generation, cylinder head space limitations or poor accuracy compared 
to the actual method used. 
Instead of these experimental methods, a numerical technique was 
used which provides good accuracy whilst avoiding the problems 
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listed above. This technique is described below. 
Absolute Pressure Correction Method 
The pressure data absolute pressure correction technique was 
based on the fact that the value of the compression index 
be approximately constant during the compression process (71 
should 
, 72 ) 
If the pressure values are in error however due to a zero error, the 
calculsted value of index is no longer constant with large errors 
occurring where the pressure values are small. The calculated 
+ variation in n for a - 0.2 Bar zero pressure error is illustrated 
in Fig. 4.6 for typical engine operating conditions and this shows 
that the changes in n can be substantial during the early part of 
the compression process. 
The method employed in this work exploits this dependence, 
adjusting the pressure until the calculated value of n is 
acceptable. Basically, 2 approaches could be used: 
a) Assume a value of n based either on theoretical 
considerations or previously published results, e.g. 
Refs. 33, 72 , and adjust the pressure until this value is 
obtained. A small error between the assumed and "true" values 
of n would probably exist but providing the calculations 
are carried out for the early part of the process, the final 
error in pressure should be small. 
b) Calculate the index for 2 points in the process and adjust 
the pressure until the 2 values agree. This approach has the 
advantage that an exact value of n need not be assumed. 
For the program being described, the former method was used to 
ensure that the data were of the right order whilst the latter method 
was used to achieve a more accurate value. The computational procedure 
used to achieve the absolute pressure values was as follows: 
1) Obtain a reasonable estimation of the absolute pressure by 
assuming that the ensemble averaged cylinder pressure at the end 
of the exhaust stroke was equal to 1.0 Bar absolute. (It was found 
that this was a typical value and provided a good start point for 
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the subsequent calculations). The difference between the experimental 
and assumed pressure was called the pressure error and this value was 
then added to the pressure values throughout the cycle. 
2) The value of the compression index was calculated for a crank 
angle location of about 100 0 BTDC using a least squares fitting 
technique applied to 10 consecutive pressure/volume values. (It was 
found necessary to use this type of approach due to slight scatter 
in the data). 
3) The calculated value of n was then checked and if outside values 
of the range 1.24 to 1.38, the values of the pressures were adjusted 
by a constant amount (increased if n 1 high) and the calculation 
ca c 
procedure repeated until this criterion was satisfied. An iterative 
process was used with the pressure being changed in increments of 
0.08 bar. 
4) Having satisfied the conditions of (3) above, the value of n 
o 
was then calculated for a second position at about 10 before the 
ignition crank angle (read in as data) using the same method as before. 
5) The 2 values of n I were compared and if the absolute difference 
ca c 
was greater than 0.005, the pressures were changed (increased if n 1 
ca c 
early in the cycle was greater than the later value) using the iterative 
procedure used in (3). Convergence was ensured by decreasing the 
pressure increment by a factor of 2 each time the sign of the 
difference between the 2 values changed. 
The accuracy of this method depends on several factors, such as: 
a) . the assumption that n is constant. In theory n will vary 
during the compression process due to variations in the specific 
heats and heat transfer rates and due to piston ring blowby. 
However, these effects are small and results obtained from 
( 33 , 72) h d experimental studies have shown that t e in ex 
does not change significantly. 
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b) the accuracy of the pressure signal. Sensitivity errors 
would have an effect but providing the equipment is accurately 
calibrated (see Appendix I), the effect of this type of error 
should be small. 
c) the accuracy of the cylinder volume calculations. This 
would be mainly due to compression ratio or crank angle 
determination errors. However, volume errors have little effect 
on n in the crank angle range used (volume errors mainly 
apparent near to TOC position ( 72 » and it is doubtful if 
this would introduce significant errors. 
d) the final difference between the calculated indices 
In the program, a maximum difference of ~ 0.005 was allowed 
which corresponds to a maximum zero error of approximately 0.01 
Bar (0.15 p.s.i.). An error of this magnitude should have 
negligible effect on the results. 
GenerallY, it was found that this method resulted 
values of compression index in the range n = 1.32 ~ 
agrees fairly well with the results of other workers( 
in calculated 
0.04. This 
33, 72) d an 
the values predicted by the computer simulation programs described 
later. 
Having calculated the absolute pressures, the peak pressures 
(2 degree resolution) were determined by adding the pressure error to 
the previously calculated relative values for the 99 cycles in the 
sample. The percentage cyclic dispersion based on the peak values for 
the sample, was then evaluated using the formula suggested by Haile( 73 ) 
Op 
where op 
N 
p 
= 
= 
= 
= 
N 
~ ( -)2/ - 2 L,., Pi - P P 
% cyclic dispersion of the maximum pressure 
Number of cycles in sample (99 for this work) 
Maximum pressure for cycle No i 
- (4.5) 
Sample mean of the maximum pressures, defined as 
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Mass burnt calculations 
Although direct pressure parameters are useful in analysing the 
combustion process, it is often better to calculate mass burnt variables 
since these can indicate the combustion rate more clearly. In 
particular, it is useful to calculate the delay and burn angles which 
are defined in this work as follows: 
Delay Angle Qd = Q2% - Qs 
Burn Angle Qb = Q 90% - Gd 
where Q2% = Crank angle 
Q90% = Crank angle 
for 
for 
Q 
= Ignition timing s 
2% mass burnt 
90% mass burnt 
crank angle 
It should be noted that these definitions do not agree exactly 
°th th d b ° k ( 3, 25, 74) who have used W1 ose use y prev10us wor ers 
values of 2-10% and 90-98% in the mass burnt definitions. In the 
present work, 2% and 90% were used since it was found that these 
points could be located accurately and consistently, on the burnt 
- (4.6) 
- (4.7) 
mass fraction VS crank angle plot. In particular, substantial scatter 
in the data at burnt mass fractions greater than about 95% occurred in 
all caSes and would have made the burn angle more dependent on 
interpretation if a value greater than 95% had been defined. Also 
errors in the determination of the crank angle for complete 
combustion (discussed later) would make the final several percent 
subject to some error. 
The burnt mass fraction, Mb, is calculated in the program using 
an approximate analysis method proposed by Harrington( 74 ). This 
method basically involves calculating the value of P.Vn which should 
be approximately constant before and after combustion but increases 
during combustion. The burnt mass fraction during combustion is 
then given by: 
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x 100% -(4.8) 
where Mb(g) = burnt mass fraction at g crank angle 
n Value of P.V at g crank angle 
(P.vn ) .. t. 1 = Value of P.Vn prior to combustion 
ln1 1a 
(P.Vn)f' 1 = Value of P.Vn at end of combustion 1na 
Harrington derived the equation given above by using a theoretical 
analysis based on the first law of thermodynamics and assuming that the 
cylinder volume, gas properties and heat losses were all constant 
during the combustion process. Details of this derivation are given 
in Refs. 25 and 74 and therefore are not given here. 
The main source of error in the method is likely to be due to 
the assumption of constant volume combustion. For fast combustion 
conditions with MET ignition timing, the errors due to this should be 
small since the volume changes near to TDC are small. For slower 
combustion rates (such as for weak mixtures) and/or for advanced/ 
retarded ignition timing, the errors would be expected to be more 
significant. 
Generally, the errors should be acceptable and are unlikely to 
bo important when comparing designs or investigating trends since the 
errors should be common to all results. An analysis of typical errors 
and a comparison between the results from this method and from a heat 
release combustion simulation model (described in Section 4.4) are 
given in Section 4.5. 
It is also interesting to note that this method should give 
similar results to those obtained from using the method suggested by 
( 33) Rassweiler and Withrow which was based more on observation than 
theory. The latter work showed that the burnt mass fraction at any 
instant was approximately equal to the cumulative percentage increase 
in pressure due to the combustion alone. 
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( 25 Harrington, and later McCuiston et al 
set-ups to display the variation of the value of 
), used experimental 
P.Vn during the 
engine cycle on a C.R.O. The value of n was taken as the arithmetic 
mean of the measured compression and expansion indices and the 
delay and burn angles were measured directly from the oscilloscope 
display. 
For the work reported in this thesis, the burnt mass fraction 
was calculated using a computer program to analyse the pressure-time 
data. This removes the need for additional test bed instrumentation 
and allows the data to be analysed more accurately and consistently. 
However, a problem encountered with the program method which does not 
exist with the visual display of the experimental method is finding a 
way of clearly defining the value of P.Vn corresponding to 100% 
burnt mass fraction. 
This problem is illustrated in Fio. 4.7 which is a plot of 
P.Vn and Mb against crank angle for 2 values of n corresponding to 
typical compression (1.33) and expansion (1.25) indices The P.Vn 
graph shows that increasing n greatly increases the value of P.Vn 
and that the end of combustion is only clearly defined if n is set 
equal to, or lower than, the expansion index. The burnt mass fraction 
curves show that there is only a slight difference between the zero 
to 100% values predicted for the 2 different indices provided the 
correct value for the end of combustion is obtained. If however an 
incorrect value of (PoVn)f' 1 is used, large errors can result as lna 
indicated by curve C. 
Several methods for ensuring correct and consistent computation 
of the completion of combustion were tried and evaluated, these 
involved using different values for n and the use of several end of 
combustion criteria. It was found that basing n on the calculated 
value for the expansion did not give very consistent results and 
therefore a method involving only the compression index value was 
used for the analysis. 
The end of combustion was determined by calculating P.Vn, with 
n being set equal to the compression index less 0.05, and comparing 
the current and previously calculated values, continuing the process 
until a decrease in P.Vn was detected. The crank angle at which this 
occurred was taken to be the point at which the burnt mass fraction 
reached 100%. Having determined this crank angl~the values of P.Vn 
and Mb were then calculated for the range of interest using the 
83 
compression index value. It was found that this procedure gave very 
consistent results, this being checked by visual inspection of the 
calculated P.Vn - crank angle curve. 
At the end of the calculations performed on the data for one test 
run, the resul ts were outputted on the line-printer and also on the graph 
plotter in certain cases. Additionally, the card punch was used to 
output the ensemble averaged or individual cycle pressure data to be 
used by the heat release program described in Section 4.4. 
The delay angle and burn angle values, defined by equations 4.6 
and 4.7, were obtained from the print-out by interpolating over the 
2° (or 1°) interval results either side of the 2% and 90% values. The 
same procedure was also used to determine the maximum mean cycle 
pressure, pressure rise rate and the corresponding crank angles. These 
and other results are given in Chapter 5. 
4.4 Heat Release Computer Program 
As part of this work, a heat release pressure analysis program 
~alled COMPARED) was developed. This program was capable of analysing 
the measured pressure - crank angle data to predict flame propagation 
parameters such as burnt mass fraction, flame radius and flame speeds. 
A model of this type is very desirable for combustion analysis 
since it allows the full range of parameters to be considered, thereby 
permitting a detailed analysis of the results to be made and at the 
same time reducing the need for extensive test-bed instrumentation 
and measurements. 
There were several reasons for developing the heat release model 
described in this Section. First, it provided a means of extending 
the flame arrival angles obtained at several locations using the 
ionisation probes to give complete coverage of the flame propagation 
process. Also, other parameters such as turbulent flame speed could 
be obtained which would not otherwise have been available. The 
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results obtained from the model enabled a comparison to be made 
between predicted and experimental results and also between burnt 
mass fractions calculated using this model and the much simpler 
method of Harrington( 74 )(described in the previous section). 
The comparison between predicted and measured flame arrival 
angles was of particular interest since previously reported heat 
release models( 36 , 37 , 75 ) have not been compared in detail 
with measured flame propagation data. The experimental data 
acquisition system used (described in Chapter 3) enabled the results 
to be compared for identical cycles so that an accurate determination 
of errors could be obtained. By knowing the magnitude of these 
errors, the relative merits of direct flame propagation measurements 
(e.g. ion probes, photography, etc) and indirect measurements,using 
the computer model to analyse pressure data,may be more easily assessed. 
The heat release model is basically a modified version of the 
combustion simulation computer program COMPSIMP which is described in 
Chapter 6. In fact, all the subroutines and the majority of the 
algorithms in the master (or main) segment are common to both models, 
this arrangement giving three main advantages; 
a) Reduction in program development time. The time needed to 
develop the two programs was only slightly longer than would have 
been required for either one of the models alone. 
b) Simplified error analysis. Since the programs use the same 
algorithms, it follows that errors detected using one of the 
programs could usually be related to the other. 
c) Determination of empirical constants. Analysis of the 
experimental data using the heat release model allows empirical 
constants to be determined which can then be used for the full 
simulation model. 
In its present form, the model can be used over a wide range of 
operating conditions and for a variety of engine designs (note that 
a "turbulence factor" is not required). The geometrical modelling 
technique employed allows the model to be suited to a large range of 
chamber designs. 
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In addition, it should be noted that the model includes for the 
effects of the following:-
a) Residual Gas Dilution 
b) Dissociation 
c) Variable Specific Heats 
d) Heat Transfer 
A further feature of the model is that it uses an "efficiency 
factor" to ensure that the whole charge is enflamed, thereby giving 
complete flame propagation predictions. This permits more meaningful 
results to be obtained and also makes the results less sensitive to 
assumptions regarding heat transfer coefficient, residual gas fraction 
etc, and experiment errors. 
Program Description 
The combustion simulation computer program COMPSIMP (COMPuter 
SIMulation Program) upon which the heat release program COMPARED 
(COMputed PARameters from Experimental Data) is based is described 
in detail in Chapter 6. Since the majority of the computer algorithms 
are common to both models, only the basic mode of operation together 
with details of the differences between the two programs will be 
described here. 
The main differences between the two models are as follows 
1) The heat release program considers just the combustion 
process, i.e. compression and expansion processes ignored. 
2) Pressure data rather than the flame speed correlation 
dictates the rate of combustion, hence no need to calculate 
adiabatic flame temperature and laminar burning velocity. 
3) The combustion process calculations in COMPARED do not 
start at ignition but are delayed until the pressure increase 
due to combustion exceeds a specified amount. 
4) The combustion process calculations are terminated by 
an end of combustion criterion rather than the burnt volume 
fraction exceeding a specified amount as in COMPSIMP. An 
efficiency factor is then calculated and the whole process 
calculations repeated as necessary until the burnt volume 
at the end of the combustion exceeds the specified amount. 
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A simplified flow diagram of the heat release model is illustrated 
in Fig. 4.8 whilst a listing of the Fortran computer program is 
given in Appendix VIII. A brief description of the computer segments 
is also included in Table 6.1. 
The user specified input data required by the computer program 
includes operating conditions, engine specification, combustion 
chamber design details and pressure data values. The pressure data 
values must start at the specified ignition timing crank angle and 
continue at consecutive specified crank angle intervals (say 2°) 
for the whole of the combustion process. Further details of the input 
data required will be found in the program listing in Appendix VIII. 
The composition and proper.ties of the unburnt charge are calculated 
based on the specified volumetric efficiency, equivalence ratio and 
assumed residual exhaust fraction. Details of these calculations 
will be found in Appendicies V and VI. Note that the fuel is assumed 
to be iso-octane. 
The process calculations start at the crank-angle corresponding 
to ignition since the mass of charge burnt at this point is zero. The 
charge temperature is calculated from the state equation (6.1) knowing 
the charge mass, cylinder volume and pressure. 
The calculations proceed assuming that no combustion is occurring, 
i.e. compression process only. The state properties at the end of 
the stage are determined using subroutine COMP, described in Section 
6.2.2 and continue until the measured pressure exceeds the predicted 
compression pressure by 0.5 Bar. It is found that this normally 
corresponds to a flame radius of about 9 mm. 
The purpose of this pr.ocedure is to ensure that the combustion 
.calculations start after this "delay" period since computational 
problems can arise during this period (typically of the order of 15 
degrees of crank angle). The problems arise due to the very small 
values of burnt mass fracti on (typic2lly < 1%). Small amounts of 
scatter in the pressure data during this period will therefore 
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cause large variations in the predicted combustion rate and may even 
cause negative rate predictions. 
Having determined the end of the"delay" period, the combustion 
calculations start, the initial stage increment covering the whole 
of the delay period. The computational procedure during the stage 
is almost identical to that described in Section 6.2.1, the main 
difference being that the pressure at the end of the stage is now 
known. 
However, major differences exist in determining the amount of 
charge burnt during the stage and in defining the end of combustion. 
The procedures used in this program are iterative and are described 
below. 
Charge Burnt during Stage 
The method used here is to estimate the burnt mass fraction, 
calculate the final stage pressure and then repeat the process 
calculations with a more suitable value of mass fraction until the 
difference between the predicted and measured pressures is within 
a specified limit. 
For the first stage calculation, i.e. the delay period, a burnt 
mass fraction of 1% is initially assumed. For subsequent stages, 
the estimate is based on the values from the previous two stages and 
is calculated from:-
= - (4.9) 
where = 
= 
and (Mbl)j' (Mb2 )j are the burnt mass at the start and end of 
of the jth stage. 
This Euler type prediction 
is illustrated in the adjacent 
diagram, and uses both the 
gradient and rate of change of 
gradients of the mass burnt-
time curve. 
Whilst this method will only 
result in an approximate burnt 
mass at the end of the stage, it 
should reduce the total number of 
iterations required and hence 
reduce computer run time. 
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Muss Burnt 
j-2 j-1 J 
Time 
The estimated burnt mass is considered to be acceptable if the 
difference between measured and predicted pressure does not exceed 
0.04 Bar. This order of error is considered acceptable since scatter 
in the experimental data due to noise, resolution limitations and 
crank angle interval errors would probably exceed this value. It 
should be noted that errors due to these iteration errors are not 
cumulative and therefore if the burnt mass is slightly too low on 
one stage, it is likely to be increased on the subsequent stage. 
If the difference between the pressure exceeds 0.04 Bar, a more 
accurate estimate of burnt mass is then calculated using 
= (p - p )/p • c exp pred exp -(4.10) 
where M is the total charge mass 
P is the experimental cylinder pressure 
exp 
p 
pred is the predicted cylinder pressure 
C is a multiplier which is initally 0.3 
but is reduced by a factor of 3 each time 
the sign of the pressure difference changes, 
thereby ensuring rapid convergence. 
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End of Combustion Criteria 
Two criteria are used to determine the completion of combustion. 
These are:-
a) The burnt mass fraction exceeds 99.8% and the measured 
pressure exceeds the predicted pressure by at least 0.04 
Bar. 
b) The charge burnt for the stage is less than 0.5% and 
the predicted pressure exceeds the measured pressure by at 
least 0.04 Bar. 
It was found that in every case initially considered, the 
calculations were terminated by the second of the two criteria and 
that the value of the burnt mass fraction at the end of the simulation 
was in the range of about 70-90% (depending on operating conditions 
and assumed data values). This order of burnt mass prediction has 
( 75 , 76 ) been fOIJnd by other workers using more complex 
computer models and is probably due to the effects of incomplete 
combustion, cyclic variation, assumptions made etc. At weak 
mixtures, misfire, early flame termination and very slow rates of 
propagation would also cause a reduction in the predicted mass burnt 
fraction as shown by Peters (75 ) 
Although it is possible in some cases to analyse results when the 
predicted values of burnt mass are less than 100%, it does make 
comparisons between experimentally measured or predicted results 
~sing other method~ and these heat release predictions very difficult. 
Modifying the results by using a linear type multiplication factor 
is also not satisfactory. 
This is particularly so when dealing with the predicted flame 
radii. In this work, a comparison between measured ionisation probe 
flame arrival angles and predicted flame arrival angles was required. 
Under these circumstances however, the maximum flame radii predicted 
were less than the distance from the spark plug to the probe 
farthest away. 
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It was decided therefore to modify the program to ensure that 
complete flame propagation was predicted in all cases (note that 
this may not be suitable when using very weak mixtures). An 
combustion efficiency factor, CEFF, was used to reduce the chemical 
energy of the charge by reducing the Internal Energy of Formation 
values 
i.e. 
where 
= 
is the Internal Energy of Formation 
(see Appendix VI) 
The value of CEFF is calculated at the end of the combustion 
process calculations using 
CEFF = CEFF. Mb2 
M 
-(4.11) 
-(4.12) 
The whole process calculations are then repeated as necessary 
using the current value of CEFF until the burnt volume fraction 
exceeds 99.4%. Normally, about three iterations are required. 
At the end of the computations, predicted values for the process 
are printed out in tabular form. An example of the output is 
included in Appendix VIII. The important parameters predicted 
include turbulent burning velocity, flame speed, flame radius, burnt 
mass and volume fractions, temperatures and burnt gas composition. 
4.5 Heat Release Model Prediction Error Analysis 
The purpose of this section is to first compare the burnt mass 
fraction predictions of the heat release model and the Harrington( 74 ) 
method and then to consider the effect of both experimental errors 
and model assumptions on the accuracy of the heat release predictions. 
For this analysis, theoretical pressure-time data obtained from the 
simulation program described in Chapter 6 has been used since this 
should provide datum conditions free from experimental errors. 
Fig. 4.9 shows the burnt mass fraction versus crank angle predictions 
obtained from the heat release model and the much simpler Harrington 
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method (described in Section 4.3) for two different engine operating 
conditions and combustion chamber designs. The graphs show that the 
differences in the predicted burnt mass fraction at a given crank 
angle are very small over the full range of values. The greatest 
difference occurs in the upper graph and is about 0.4 degrees of 
crank angle at 90% burnt mass fraction. The maximum difference in 
the lower graph, which represents a retarded ignition case, is only 
about 0.2 degrees but in this example, the heat release model predicts 
the highest burnt mass fraction. 
These results are typical of several sets of pressure data 
analysed in this way. It is clear from these results that the heat 
release model and the calculation method of Harrington will produce 
about the same results provided experimental and analysis errors are 
eliminated. The small differences in the predictions obtained from 
analysing the theoretical pressure time data could be fully accounted 
for by the sensitivity of the Harrington method to the exact value 
of uomp~ession index, n, assumed. This sensitivity has been 
previously illustrated in Figure 4.7. Note that for the comparison 
shown in Fig. 4.9, the compression index at ignition was used in 
both cases. 
In the case of analysing experimental pressure data, the difference 
between the heat release model and the Harrington method would 
probably be greater than indicated here due to experimental errors. 
A comparison between the two methods under such circumstances was 
made during the experimental study and the results are discussed in 
Section 5.5. 
However, before considering the actual experimental results, it is 
possible to simulate possible experimental errors and to see the effect 
of these on the predictions. Also, the effect of changes in the 
assumed heat release model data can be investigated. The results of 
these changes are shown in Table 4.1. Note that this analysis has 
been restricted to the heat release model since the effect of 
experimental errors on the Harrington method will be largely dependent 
on the way in which the compression index is determined. Also, since 
the heat release model has been developed as part of this work, the 
accuracy of its predictions are of more interest. 
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Table 4.1 shows the effect of pressure data errors (crank angle, 
d.c and sensitivity), operating condition errors (volumetric efficiency 
and equivalence ratio) and the effect of model assumptions (heat 
losses and residual gas fraction) on the combustion efficiency factor 
(defined by equations 4.11 and 4.12), 2% and 90% burnt mass fraction 
angles and the 12 mm and 50 mm flame arrival angles. Note that a 
flame radius of 12 mm rather than 10 mm was used since the combustion 
calculations do not start until about 9 to 11 mm flame radius due to 
the "ignition delay" effect. 
The effect of pressure errors has been simulated by modifying the 
datum pressure time/data whilst the operating parameter errors 
results shown used the datum pressure data with the values or the 
parameters read in to the computer program being modified. Note that 
the order of magnitUde of the errors assumed are much greater than 
would be expected from a carefully conducted experimental study using 
reasonably accurate instrumentation and therefore represent extreme 
rather than typical errors. 
The results show that the predicted burnt mass and flame arrival 
angles are not greatly affected by the errors and assumptions 
investigated. The ±4° crank angle errors result in the absolute errors 
of about ±4° but if the results are corrected for the original ±4° 
error, the actual changes are much less. Apart from the crank angle 
error, the only other error of any significance is the 1.0 Bar 
absolute pressure error which results in O.So and 1.30 errors in the 
2% burnt mass fraction and 12 mm flame travel angles. The effect of 
the other errors and assumptions investigated are significantly less 
than this and are typically ±0.25°. 
The greatest effect of the simulated errors is on the "combustion 
efficiency factor" CErF which varies between 0.69 and 1.04 for the 
assumed data. It is clear that apart from allowing for the simplified 
assumptions made in the model, this factor also allows for errors in 
the experimental data. Without the incorporation of this efficiency 
factor, the effect of the errors would have been much greater, 
especially for the 90% burnt mass fraction and 50 mm flame arrival 
angles. In fact, in several of the cases considered, these values 
would have been indeterminate since the burnt mass fraction would 
have been much less than 90%. 
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SIMULATED DATA COMB. CRANK ANGLE FOR FLAME ARRIVAL ANGLES 
ERROR OF EFF. BURNT rIJASS FRACTION AT FLAME RADII 
MODEL FACTOR 
ASSUMPTION 'CEFF' 2% 90% 12 mm 50 mm 
Datum Condition 
~=1.13, '1VOL=75% 0.B8 348.3 372.1 348.9 371.5 
Q =300 BTDC 
s 
0 +4 Crank Angle 352.1 375.6 352.6 375.1 Error (i. e. TDC= 1.02 (348.1)* (371.6) (348.6) (371.1) 3640 Indicated) 
0 
-4 Crank Angle 344.6 368.0 345.6 367.7 Error (i.e. TDC= 0.69 (348.6 ) (372.0) (349.6) (371.7) 3560 Indicated) 
+ 1.0 BAR DC 
Error In Pressure 0.88 349.1 372.2 350.2 371. 7 
Data 
+ 1% Sensitivity 0.88 348.4 372.2 348.9 371.6 Error In Pressure 
Data 
--
-.. --.-
1 VOL Assumed To . 
Be 85% ( '7 VOL 1'10%) 0.69 348.4 372.3 349.0 371.7 
~VOL Assumed To 
Be 65% ( 1VOL + 10%) 1.04 348.2 371. 7 348.7 371.1 
~ Assumed To Be 0.89 348.3 372.1 348.9 371. 5 1.23 (~ l' 0.1) 
Heat Transfer To 
Walls Assumed To 0.81 348.0 371.8 348.6 371. 3 
Be Zero 
Residual Gas 
Fraction Assumed 0.93 347.9 371.6 348.5 371.0 
To Be Zero 
* Predicted Burnt Mass and Flame Arrival Angles Corrected For ~4° 
Crank Angle Errors. 
--
TABLE 4.1 EFFECT OF EXPERIMENTAL ERRORS AND MODEL ASSUMPTIONS ON THE 
HEAT RELEASE MODEL PREDICTIONS 
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To conclude on the sensitivity of the model to errors and 
assumptions,it is evident that the effect on the predictions will be 
small for the order of magnitude of errors which would normally be 
expected. The effect of estimated parameters such as heat transfer 
to the cylinder walls and residual gas fraction also result in 
only a small difference to the predictions. 
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CHAPTER 5 
5.1 Introduction 
Results obtained from the experimental part of the study are 
presented and discussed in this Chapter. Details of the experimental 
equipment, engine and combustion chamber designs and the experimental 
test programme are given in Chapter 3 whilst the methods used for the 
analysis of the data have been described in Chapter 4. A comparison 
between the experimental and computer simulation model predicted results 
can be found in Chapter 7. 
The bulk of the experimental measurements involved determining 
flame propagation rates using ionisation probes and cylinder pressure 
related parameters including burnt mass fraction and cyclic dispersion. 
Details of these results are given in Sections 5.2 and 5.3 whilst 
section 5.4 provides some results for the steady state parameters such 
as brake power, optimum ignition timing and 6xhaust emissions and 
temperature. 
Section 5.5 compares results obtained by analysing the rneasured 
cylinder pressure using the heat release program (described in Section 
4.4) with either direct measurements or other analysis methods. 
Section 5.6 presents results obtained from combustion chamber 
measurements for consecutive individual cycles showing the variation 
from one cycle to the next and also the variation during an individual 
cycle. 
5.2 Ionisation Probe Results 
5.2.1 General 
The results given in this Section were obtained using several 
ionistation (up to nine) probes and a data analysis system which is 
described in Chapter 3. Also, to allow comparisons to be more 
readily made, only mean cycle results based on 99 consecutive cycles 
are presented here (see Section 5.6 for individual cycle results). 
An exception to this are the results for the 48% concentrated 
sector type squish design (ref. no. 17). In this case, the results 
presented have been obtained using the heat release model since time 
and combustion chamber space restrictions did not permit ionisation 
probes to be fitted. Although it has been shown in Sections 4.5 and 
5.5 that the heat release program predictions agree very well with 
measured results, the possibility of analysis errors should be borne 
in mind. 
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The majority of the results have been obtained using the same 
cylinder head and ionisation probe and spark plug locations, the only 
variable being the shape of the combustion chamber. This arrangement 
allows direct comparisons to be made and eliminates the majority of 
the errors associated with ionisation probe measurements. 
Although the May "Fireball" (Ref. 18 to 21) designs employed 
a similar cylinder head, the spark plug(s) lo~ation, and ionisation 
probe positions were different from the designs employing the origin3l 
cylinder head. Also the shape of the inlet tract was modified by 
the chamber insert. Therefore, direct comparisons are not advisable. 
Note that for the 48% concentrated squish design mentioned 
previously, a direct comparison would have been suspect even if 
ionisation probes had been used due to probe positioning errors, flame 
speed variations with flame radius and the effects of spark plug 
location. 
5.2.2 General Trends 
For each ionisation probe and test run, a plot of flame radius 
arrival frequency versus crank angle was constructed and the values 
of mean flame arrival and flame dispersion (defined in SectiDn 4.2.1) 
were determined. Fig 5.1 shows a typical plot of flame arrival 
frequency against crank angle for three probe positions and two engine 
speeds. The actual experimental data points have been plotted and a 
smooth curve giving a best fit to the data has been drawn. The graph 
shows that whilst some scatter is evident, this is not significant. 
It can be seen that the flame arrival is later for the higher engine 
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speed case and that the dispersion, as indicated by the slope of the 
curve, increases as the probe to spark plug position is increased. 
Having determined the flame arrival angle and flame dispersion 
values for each of the probes and test conditions, the results were 
then plotted against engine speed, ignition timing and equivalence 
ratio. Typical plots for several chamber designs are shown in 
Figs. 5.2 to 5.4. 
The main purpose of presenting these graphs is to illustrate 
the variation in the parameters with engine operating conditions and to 
indicate the typical variation between the different chamber designs. 
The effect of engine speed is to increase both the flame travel 
angle and flame dispersion although the rate of increase is reduced 
at the higher engine spe8ds. A minimum flame travel angle is shown 
in'Figs. 5.3 and 5.4 to occur at about 20 0 ignition timing and an 
equivalence ratio of approximately 1.1. These trends agree well with 
previously reported results ( 10 , 28) In addition, Fig. 5.3 
indicates that the flame disp8rsion at large flame radii is decreased 
by over-advanced ignition timing. 
The graphs show that the difference betwee~ the three combustion 
chamber designs illustrated is generally relatively small compared with 
the scatter, in the data. Also, whilst the shape of the curves, drawn 
to give a reasonable fit, are similar, some variations do occur. When 
plotted against engine speed, the curves indicate that ~e concentrated 
sector squish design has the greatest flame travel angle whilst there 
is little difference between the bowl in piston and disc designs. 
Fig. 5.3 shows that the disc design gives a minimum flame travel angle 
at a more advanced ignition timing than for the other two designs with 
the sector type giving the fastest flame speed. Fig. 5.4 suggests that 
whilst the equivalence ratio for minimum flame travel angle is about 
the same for all three designs, increased flame speed occurs at weak 
mixtures for the squish type designs. However, it should be noted that 
errors in the determination of the equivalence ratio at very weak 
mixtures may have caused some of the differences. 
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The graphs also indicate that the flame dispersion for the bowl 
in piston is consistently below that of the disc chamber. However, it 
will be shown in Section 5.2.4 that the relative difference is highly 
dependent on flame radius and that at some radii, the disc has much 
lower dispersion than the bowl in piston. 
The effect of volumetric efficiency or throttling is shown in 
Fig. 5.5 for the disc and concentrated sector type squish designs. 
This shows that whilst reduced volumetric efficiency in8reases the flame 
travel angles in all cases, the effect is more pronounced for the disc. 
The flame travel angles for the disc are smaller than those for the 
squish design in all cases. 
The ionisation probe results obtained for the other chamber designs 
tested produced similar trends to those indicated in Figs. 5.2 to 5.4. 
However, no significant differences at weak mixtures could be detected 
with the small area concentrated sector squish designs (Refs. 4 to 15) 
although some improvement at weak mixtures was evident with the May 
"Fireball" designs. Generally, the difference between chamber designs 
when considering all the data was small compared to the scatter with no 
clear indication as to which design gave the highest flame speed. 
5.2.3 Quantitative Comparison 
It is clear from the plots presented so far that it is difficult 
to compare the designs qualitatively due to data scatter and the 
different effoct of operating parameters. However, qualitative results 
are needed to form conclusions and therefore a method was devised to 
obtain such results. 
The method employed was to plot the results for each probe and 
chamber design against engine speed, ignition timing and equivalence 
ratio. A best fit curve was then drawn through the points, the shape 
of the curve being based on both the actual data points and on the 
typical shape for a large range of data. 
Since the test conditions were varied around a datum condition of 
2000 RPM, 13:1 air to fuel ratio and either 20 0 or 300 ignition timing 
(Depending on compression ratio) the three separate plots should give 
agreement at this condition. 
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Generally, this was not the case but by considering the differences, 
it was possible to modify the best fit curves to give agreement at the 
datum condition. The value obtained at this point was then considered 
to be the parameter value representing the chamber design and is used 
for the comparitive results presented below. Whilst this method does 
not fully indicate the relative performance at say weak mixtures,it 
does give an indication of the relative merits at typical engine 
operating conditions based on all the experimental results. 
The comparative results obtained using this method are presented 
in Tables 5.1 to 5.3. Table 5.1 compares the results for the disc 
and small area concentrated sector type squish designs. The results 
show that in all cases, except the 5% type 4 case where the change is 
negligible, the flame travel angle to probe 1 (situated 10 mm from the 
spark piug) was reduced with the addition of squish area, the largest 
reduction being about 11% for the 20% type 2 case. There appears to 
be a steady trend of reduced flame travel angle with increased squish 
area. 
The flame travel angles between probes 1 and 2 (10 mm and 50 mm 
radius respectively) shows a general increase with squish area 
suggesting that the flame speed is reduced by the addition of squish 
area. This effect can be seen more clearly when the change in flame 
speed is considered, as shown at the bottom of the table. This 
indicates that the flame speed is increased in only two cases, the 
largest increase being only 2% whilst the largest decrease recorded 
was 22%. The most effective type of chamber would appear to be the 
type 2 with the least effective being types 3 and 5. It should be 
noted however that for the latter two types, errors may have been 
introduced due to the chamber wall to ionisation probe distance having 
been reduced, causing the probe to be situated in a region of low 
flame speed due to wall quenching. 
The flame travel angle to probe 2 is affected by the improvement 
in the early flame travel and the detrimental effect over the main 
travel period. Therefore, in some cases the values are better whilst 
in others, the situation is worse. Generally, the type 2 designs 
gave the best results. 
* . COMBUSTION CHAMBER CONFIGURATION AND REFERENCE NUMBER 
PARAMETER 
0/1 5/2 10/2 15/2 20/2 5/3 10/3 5/4 10/4 15/4 5/5 
1 4 5 6 7 10 11 12 13 14 15 , 
-
FLAME TRAVEL ANGLE I 
TO PROBE 1 a1 5 17.8 16.6 16.8 116.0 15.8 I 17.4 17.2 17.5 17.3 16.1 17.9 , 
! ! DEG 
r , 
--- , 
FLAME TRAVEL ANGLE 
TO PROBE 2 G2,S 42.4 40.7 41.2 41.2 40.8 I 46.0 4B.7 42.5 44.5 42.1 47.6 
DEG ! I I 
I 
-----
FLAME TRAVEL ANGLE 
BETWEEN PROBES 92 1 , 24.6 24.1 24.4 25.4 25.0 2B.6 31.5 27.0 27.2 26.0 29.7 
DEG 
MEAN APPARENT FLAME I SPEED U2,1 19.5 19.9 19.7 18.9 19.2 16.B 15.2 17.B 17.7 IB.5 16.2 
m/s 
% IMPnOVEMENT IN 
FLAME SPEED RELATIVE 
-
+2.0 +1.0 -3.0 -1.5 -13.B -22.0 -8.7 -9.2 -5.1 -16.9 
TO DISC I 
*: See Table 3.2 
TABLE 5.1 COMPARISON OF EFFECT OF CHAMBER SHAPE O~.!LA,,!E;..yROPAGATION PARAMETERS AT 2000 RPM, 30° 
IGNITION TIMING, W.O.T~~~_13:1 AIR TO FUEL RATIO 
I 
i , 
I 
~ 
o 
co 
CHAMBER DESIGN AND REF No 
PARAMETER DISC 0/1 B.I.P. 47.3% SECTOR 48% 
REF No 1 REF No 16 REF No 17 
FLAME TRAVEL ANGLE 17.2 16.8 * 18.2 
TO PROBE 1 G1 ,S DEG - (+ 2.3%) (- 5.8%) 
--
FLAME TRAVEL ANGLE 45.8 47.2 47.5 
TO PROBE 2 G2,S DEG - (- 3.1%) (- 3.6) 
FLAME TRAVEL ANGLE 28.6 30.4 29.3 BETWEEN PROBES G2,1 (- 6.3%) (- 2.5%) -
DEG 
MEAN APPARENT FLAME 16.78 15.79 16.4 SPEED U2,1 m/s - ( 6.0%) (- 2.3%) 
*: Improvement Relative To Disc Chamber 
TABLE 5.2 EFFECT OF CHAMBER DESIGN ON FLAME PROPAGATION 
PARAMETERS AT 2000 RPM, 30° IGNITION ._IU~INr:.., 75~ 
VOLUMETRIC EFFICIENCY AND 13:1 AIR TO FUEL RATIO 
COMPRESSION RATIO AND 
CHAMBER REF No 
PARAMETER 
8:1 10:1 
REF No 1 REF No 3 
FLAME TRAVEL ANGLE TO 17.2 16.1 * PROBE 1 G1 5 DEG , - (+ 6.4%) 
FLAME TRAVEL ANGLE TO 44.3 40.4 
PROBE 2 G2 ,S DEG ..., (+ 8.8%) 
FLAME TRAVEL ANGLE BETWEEN 27.1 24.3 
PROBES G2,1 DEG - (+10.3%) 
MEAN APPARENT FLAME SPEED 17.71 19.75 
U2,1 m/s - (+11.5%) 
* : Improvement Relative To 8:1 Compression Ratio 
TABLE 5.3 EFFECT OF COMPRESSION RATIO ON FLAME PROPAGATION 
~f3!\!.lE-"f_ERS AT 2000 RPr'l, 20 uI.GNITIoN TIMl.~~2 1.11.o.T. 
AND 13:1 AIR TO FUEL RATIO 
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Table 5.2 compares the results obtained for the disc, bowl in 
piston and 48% concentrated sector type squish design. It should be 
noted that the results for the latter were obtained using the heat 
release computer program and that the spark plug position was not 
the same as for the former two designs. Therefore, a direct 
comparison should be treated with some caution. 
The flame travel angle to probe 1 (10 mm) is similar for all 
three cases, the B.I.P. being the best with the sector being the 
worst. The flame travel angle to probe 2 (50 mm) is greater for the 
two squish designs than the disc chamber by about 3% giving a 6% and 
2% reduction in flame speed between probes for the B.I.P. and sector 
designs respectively. These results agree fairly well with those 
presented in table 5.1 for the small squish areas. 
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The effect of compress~Dn ratio on the measured flame travel angles 
is shown in Table 5.3. It can be seen that the 10:1 compression ratio 
improves the flame travel angles throughout the flame propagation 
range by about 10%. 
5.2.4 Multiple Ionisation Probe Results 
Although the early tests were performed using only two ionisation 
probes, later tests employed up to nine probes. The purpose of using 
a greater number of probes was to see how the chamber design affected 
the flame speed variation across the chamber and the flame front 
shape. A further reason for using multiple probes was that it 
provided data for comparisons with the heat release program predictions 
and allo~d the assumptions regarding spherical flame propagation to 
be verified. 
Figure 5.6 shows the position of the ionisation probes in the 
Bermoter engine cylinder head. Also shown are the flame arrival 
angles for the disc andB.I.~chambers when operating under identical 
conditions. These results can be used to plot graphs showing the 
variation of parameters with flame radius and the variation in flame 
front profile. Such graphs are presented in Figs. 5.7 and 5.B. 
It was found that there were significant variations between the 
profiles for different engine operating conditions. Therefore, the 
results presented in Figs. 5.7 and 5.8 have been based on the mean 
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value of 5 engine speeds in the range 2000 to 3000 RPM. 
Fig. 5.7 shows the variation of flame travel angle and flame 
dispersion with flame radius (distance from spark plug) for a number 
of combustion chambers. A comparison indicates that the 10:1 May 
chamber gave the highest flame speed at larger flame radii whilst the 
10: 1 disc chamber was better during the early part of the flame 
propagation. The bowl in piston design, whilst starting off well 
produced a low flame speed during the middle of the flame propagation 
period with higher flame speed towards the end of combustion. It 
should be noted that this trend occurred for all the bowl in piston 
test results when compared to th~ corresponding disc chamber results. 
The variation of flame dispersion with flame radius also produced 
some interesting results. Compared to the disc designs, the squish 
chambers produced a large value of dispersion at about 30 mm flame 
radius. Since this corresponds with about the TOC position, it is 
likely that this is associated with the change in direction of charge 
motion as the piston changes direction. As with the flame travel 
angle results, this trend occurred in all cases for the bowl in 
piston results. 
Fig. 5.8 shows the deviation of the measured results from a 
spherical flame profile for several chamber designs. The graph shows 
the flame travel angles based on the ionisation data at two flame 
radii. At a flame radius of 21 mm, the results show that the flame 
speed along the centre-line of the chamber is significantly higher 
than in the other directions with some asymmetry probably due to 
swirl. This type of flame profile has been noted by other workers~7 
, 37 ) 
The flame profile does not appear to be greatly affected by the 
chamber design. 
At a flame radius of 35 mm, the flame travel angle on the exhaust 
valve side of the chamber i~ less than that for the centre which in 
turn is less than that for the inlet valve side. This asymmetry is 
probably due to swirl, the magnitude of which increases with distance 
from the centre of the chamber. A secondary cause could be the effect 
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of the hot exhaust valve causing some increase in the burning velocity. 
The results shown on the graph are plotted above showing the 
distortion from the spherical profiles. Based on the limited data 
available, it would appear that the effect of the swirl is more 
dominant at the wide open throttle condition than at 75% volumetric 
efficiency. The deviation from spherical, whilst not being large, 
would tend to be a source of error in the analysis of the flame 
propagation results and in the computer models where spherical flame 
propagation is assumed. 
5.3 Cylinder Pressure Measurement Results 
5.3.1 Introduction 
Cylinder pressure measurements were obtained for all of the 
combustion chambers tested and for each of the operating conditions. 
Details of the instrumentation, data aquisition and processing systems 
and analysis procedures used have been described in Chapters 3 and 4. 
Cylinder pressure - time data are the most useful of all the 
information that can be obtained during an experimental investigation 
into combustion chamber design. This is because the data can either 
be used to determine the combustion rate(at which the charge is burnt) 
or can be used to estimate the engine smoothness and performance at 
lean mixtures. 
Further information can be obt~ned by analysing the pressure-time 
measurements using a more detailed heat release computer model. Results 
of such an analysis performed on selected pressure data obtained duri~g 
this study are reported in Section 5.5. 
5.3.2. Graphical Comparison and General Trends 
Figure 5.9 shows the pressure-time plots for a number of combustion 
chambers. This type of graphical representation of the measured data, 
whilst requiring the least data analysis, can provide a means of rapidly 
comparing the performance of each chamber design. 
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It can be seen from inspection of the upper of the two graphs that 
" the bowl in piston yields the highest peak pressure, P, whilst there 
is little difference between the disc and sector chambers. The 
crank angle at which the 
at about 120 ATDC for the 
maximum pressure is achieved, g , occurs p 
two squish designs whilst the corresponding 
o 
value for the disc chamber is retarded by about 4 • 
The lower graph shows that very large differences in the pressure 
diagram can result from combustion chamber design. It is evident 
that chambers producing the highest peak pressure also tend to have 
reduced maximum pressure crank angles and higher pressure rise rates. 
Comparing the designs, it is clear that compression ratio has a major 
effect whilst dual ignition and more compact chamber shape also 
significantly increase the peak pressure. 
The burnt mass fraction-time curves for the same data are shown 
in Fig. 5.10. The upper graph confirms the previous results showing 
that the howl in piston and sector squish designs have a higher 
combustion rate than the disc chamber. Note that during the early 
part of combustion, both the sector and disc designs give a similar 
burnt mass rate which in turn is lower than that achieved by the bowl 
in piston. 
The lower graph shows that the dual ignition gives the highest 
rate of combustion with the high compression ratio designs also giving 
high values. The 10 ~l compression ratio May "Fi reball" design resulted 
in a substantial increase in combustion rate when compared to the 
corresponding disc chamber. A further point to note is that all the 
curves are of similar profile, the relative ranking of the chambers 
being maintained throughout the combustion process. 
Although the cylinder pressure and burnt mass plots can be 
informative, they do suffer from two major disadvantages: 
a) They can be misleading when used in comparisons due to 
scatter in the data since the date for each plot are based on 
a single test. 
b) They cannot be easily used to indicate the effect of 
operating variables and the relative performance of the chamber 
designs over the operating range. 
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A more suitable method of analysing results is to define several 
parameters and to plot these against the operating conditions. In this 
work, six parameters are used:-
a) 
b) 
c) 
d) 
e) 
f) 
Maximum Mean Cycle Cylinder Pressure, P 
Maximum Cylinder Pressure Crank Angle, 
Maximum Pressure Rise Rate ~p 
g 
p 
Percentage Pressure Cyclic Dispersion, ~p 
Delay Angle (Crank Angle for 2% Burnt Mass Fraction), 
Burn Angle (Crank Angle for 90% Burnt Mass Fraction), 
Parameters (d) to (f) have been defined in Chapter 4 by equations 
4.5, 4.6 and 4.7 respectively. 
Typical variation of these parameters with operating conditions 
and several chamber designs are indicated in Figures 5.11 through 5.16. 
As with the ionisation results, the purpose of these graphs is to show 
typical trends and to illustrate the magnitude of scatter in the results 
since a quantitative comparison of chamber designs is made in sub-
section 5.3.3. 
Figures 5.11 through 5.14 shows the effect of en¢ne speed on the 
six parameters for six different combustion chamber designs. The actual 
data points are shown and best fit curves have been fitted to the data 
points. It can be seen that in general, the amount of scatter is 
small compared to the magnitude of the difference between the chamber 
designs. Compared to the flame speed (ionisation) results, the 
differences are much greater. 
Examining these graphs in more detail, it can be seen that the 
maximum cycle pressure and the maximum pressure rise rate reduce 
with engine speed whilst the crank angle at which the maximum pressure 
occurs tends to increase. These trends are to be expected since the 
ignition timing was maintained at a constant value instead of optimum 
(M.B.T.) timing, the latter would have required more ignition advance 
as the engine speed was increased. 
Figures 5.12 and 5.14 indicate that ~e cyclic dispersion, delay 
angle and burn angle all tend to increase with engine speed. These 
trends are as expected. It should be noted however that M.B.T. rather 
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than constant ignition timing would not necessarily have changed these 
trends. 
The effect of ignition timing on the derived pressure parameters 
is shown in Fig. 5.15. This illustrates that the parameter values 
are very sensitive to ignition timing with the delay angle increasing 
and the cyclic dispersion reducing with advanced timing whilst the 
burn angle increases either side of about 350 ignition timing. These 
trends are as expected since advanced timing results in reduced 
charge temperature and hence burning velocity at ignition, thereby 
increasing the delay angle. The burn angle will be a minimum when 
the combustion period associated with the 2% to 90% change in burnt 
mass fraction occurs at about TOC. The percentage cyclic dispersion 
will tend to decrease with more advanced ignition timing since the 
maximum mean cycle cylinder pressure will be increased. 
Fig. 5.16 shows the effect of mixture strength on the derived 
pressure parameters. As expected, minimum parameter values occur at 
an equivalence ratio of about 1.1 with large increases occurring at 
lean mixtures. This graph is interesting since the corresponding 
plot of ionisation data (Fig. 5.4) suggested that the flame speed at 
weak mixtures was SUbstantially better for the squish chambers than 
for the disc chamber. Fig. 5.16 suggests that the magnitude of the 
differences between the chambers increase as the mixture strength is 
reduced such that the squish designs should be better at weak mixtures 
than the disc chamber. 
It should be emphasised however that results obtained from the 
other chamber designs suggest that the improved weak mixture performance 
is associated with increasing the compactness of the chamber or charge 
temperature rather than a squish velocity effect. For example, similar 
improvements to those shown in Fig. 5.16 were obtained using a more 
central spark plug location (chamber Ref. No.2), increased compression 
ratio (chamber Ref. No.3) or dual ignition (chamber Ref. No 20). 
Generally, chambers having improved performance at slightly rich 
mixtures were also found to be better at lean mixtures. 
5.3.3 Quantitative Comparison 
To enable a quantitative comparison between the many chamber 
designs tested to be made, a similar procedure was adopted for the 
pressure data results as used for the ionisation results described 
previously in Section 5.2.3. Figures 5.11 through 5.16 have 
indicated that the relative merits of the designs as compared at the 
datum condition should be representative of the merits at other 
operating conditions. 
Table 5.4 compares the performance of the disc and small area 
concentrated sector type squish designs. It should be emphasised 
that in the majority of these designs, the squish area is positioned 
such that the chamber compactness is slightly reduced. Therefore, 
for a constant burning velocity, the overall combustion rate should 
also be reduced slightly. The main purpose of presenting these data 
is to confirm the ionisation measurement results shown in Table 5.1. 
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The maximum mean cycle pressure results do not show any clear 
trends but the crank angle at which the maximum pressure occurs 
generally increases as the squish area is increased. The lowest value 
was achieved with the disc chamber, confirming that the combustion 
process as a whole is worse with the type of design. 
The effect of squish area on the delay angle is in general a 
slight reduction and therefore this result agrees well with the 
ionisation results for probe 1. Although the values of Qd and Ql S , 
are of similar magnitude, the reduction in Qd is much less than the 
reduction in Ql S. This however would be expected since the squish , 
area reduces the flame area at small flame radii. 
Burn angle, Qb' generally increases with squish area, this trend 
being in good agreement with the ionisation results. The table shows 
that the small squish area type 2 designs actually gave a small 
improvement (in exact agreement with ionisation results) whilst the 
worst case was the 10% type 3 with a 7.6% increase in burn angle. The 
percentage changes in burn angle are less than the corresponding 
changes in flame speed due to the increased height of the chamber 
actually increasing the flame area at the larger flame radii. 
. 
* COMBUSTION CHAMBER CONFIGURATION AND REFERENCE NUMBER 
PARAMETER 
0/1 5/2 10/2 15/2 20/2 5/3 10/3 5/4 10/4 15/4 5/5 
; I I MAXIMUM CYCLE 50.0 I PRESSURE P BAR 52.0 52.8 53.0 52.6 I 50.0 I 49.1 51.0 50.4 52.4 51. 5 
I 
- ------- . -
MAXIMUM PRESSURE , . 
CRANK ANGLE 374.0 374.5 375.2 375.5 375.8 375.3 375.8 375.4 376.8 375.0 375.0 Q DEG 
P 
-
-
DELAY ANGLE 
Q
d DEG 
16.5 15.5 16.0 16.2 16.5 16.4 16.4 16.0 16.8 15.7 16.8 
; 
BURN ANGLE 
Q
b DEG 
31.8 31.5 31. 7 32.0 33.3 32.4 34.2 32.1 32.5 33.5 32.2 
I 
% IMPROVEMENi IN 
-
+1.0 +0.3 -0.6 -4.7 -1.9 
-7.6 I -1.0 -2.2 -5.4 -1.3 Q
b RELATIVE TO DISC 
-
*: See Table 3.2 
TABLE 5.4 COMPARISON OF EFFECT or CHAM3ER SHAPE ON PRESSURE PARAMETERS AT 2000 R.P.M., 30° IGNITION TIMING, 
w.o.r. AND 13:1 AIR TO FUEl RATIO 
I 
~ 
~ 
-.....J 
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By taking into account the effects of changes in chamber geometry, 
the results shown in Table 5.4 confirm the results obtained with 
the ionisation probes. Further details of this confirmation will be 
found in Chapter 7. 
A comparison between the disc, B.I.P. and large squish area 
sector design is shown in Table 5.5. This shows that the maximum 
cycle pressure is highest for the B.I.P. design whilst the two squish 
designs yield approximately a 30 reduction in maximum pressure angle. 
The maximum pressure rise rate is greatest for the B.I.P., a 35% 
increase over the disc whilst the cyclic dispersion is halved for the 
squish chambers. The delaY angle is reduced slightly for the B.I.P. 
but a 7% increase results for the sector design, probably due to the 
reduced flame area at small flame radii with the spark plug arrangement 
used. Finally, the burn angle is reduced by 10% and 12% for the 
B.I.P. and sector designs respectively, confirming that.the combustion 
rate is substantially increased for these two cases. 
Corresponding results are given for the 10:1 compression ratio 
designs in Table 5.6. These results show quite clearly that the 
combustion chamber design can have an extremely large effect on the 
parameters. The compact May design gives 12% and 22% reductions in 
delay and burn angles respectively with corresponding reductions of 
17% and 45% for the dual ignition May design. The cyclic dispersion 
is halved by the squish designs whilst the maximum pressure rise rate 
is increased by nearly 200% for the dual ignition case. 
The dual ignition design clearly gives the highest combustion 
rate proving that increased flame area or compactness are mainly 
responsible for the effects of chamber design. The single ignition 
May head shows that a very compact design can cause considerable 
increases in combustion rate. 
Table 5.7 indicates the effect of compression ratio by comparing 
disc chamber designs of 8:1 and 10:1 compression ratio. These results 
show that substantial increases in combustion rate can be obtained by 
increasing the compression ratio. The delay and burn angles are 
reduced by 6% and 18% respectively for the higher compression ratio 
whilst the percentage cyclic dispersion is reduced by 57%, partly as 
a consequence of the 28% increase in peak pressure. 
CHAMBER DESIGN AND REF. NO. 
PARAMETER UNITS DISC B.I.P. SECTOR 
REF No 1 REF No 16 REF No 17 
MAXIMUM BAR 42.2 45.7 40.4 
"- %* PRESSURE P - + 8.3 - 4.3 
MAX' PRESS' DEGREE 376.2 373.1 373.6 
CRANK ANGLE G 
P 
MAX' PRESS' BAR/DEG 1.7 2.3 2.0 
RISE RATE Ap % - +35 +18 
CYCLIC % 6.0 3.3 3.0 
DISPERSION Gp % - +45 +50 
DELAY DEGREE 17.5 17.3 18.7 
ANGLE Gd % - + 1.1 - 6.9 
BURN Gb 
DEGREE 28.7 25.8 25.2 
ANGLE % - +10.0 +12.2 
*: % Improvement Relative to Disc 
TABLE 5.5 EFFECT OF CHAMBER DESIGN ON PRESSURE PARAMETERS AT 2000 
RPM, 75% VOLUMETRIC EFFICIENCY, 30° IGNITION TIMING AND 
13:1 AIR TO FUEL RATIO 
CHAMBER DESIGN AND REF. NO. 
PARAMETER UNITS 
10:1 DISC MAY (SINGLE) r~AY (DUAL) 
REF No 3 REF No 18 REF No 20 
MAXrr~UM 
" 
BAR 47.4 56.4 62.6 
PRESSURE P %* - +19.0 +32.1 
MAX' PRESS' 
CRANK ANGLE Gp DEGREE 381.3 376.3 370.6 
MAX' PRESS' BAR/DEG 1. 55 2.6 4.6 
RISE RATE Ap % - +67.7 +197.0 
CYCLIC % 7.9 4.2 4.0 
DISPERSION % P - +46.8 +49.4 
DELAY ANGLE Bd DEGREE 14.2 12.5 ll.8 % - +12.0 +16.9 
BURN ANGLE 
-6b 
DEGREE 32.5 25.3 18.0 
% - +22.2 +44.6. 
*: % Improvement Relative To Disc Chamber (Ref No 3) 
TABLE 5.6 EFFECT OF CHAMBER DESIGN AND DUAL IGNITION ON PRESSURE 
PARAMETERS AT 2000 RPM, 10:1 COMPRESSION RATIO, W.O.T, 
200 IGNITION TIMING AND 13:1 AIR TO FUEL RATIO 
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CHAMBER DESIGN & REF No 
PARAMETER UNITS 8:1 DISC 10:1 DISC 
REF No 1 REF No 3 
MAXIMUM PRESSURE BAR 52.0 66.7 
1\ % * +28.3 P -
MAXIMUM PRESSURE DEGREE 374 368.9 
CRANK ,ll.N::;LE 9 p 
MAXIMUM PRESSURE BAR/DEG 1.66 2.61 
RISE RATE 6p % - +57.2 
CYCLIC DISPERSION % 7.0 4.4 
op % - +37.1 
DELAY ANGLE 
Gd 
DEGREE 16.5 15.5 
% - + 6.1 
--
BURN ANGLE 
flb 
DEGREE 31. 8 26.0 
% - +18.2 
*: Improvement Relative to 8:1 Disc Chambe~ 
SPARK PLUG LOCATION 
PARAMETER UNITS 
"NORMAL" "CENTRAL" 
REF No 1 REF No 2 
MAXIMUM PRESSURE BAR 54.3 57.8 
A 
% * p - + 6.4 
MAXIMUM PRESSURE CRANK DEGREE 367.8 366.0 ANGLE fl 
P 
MAXIMUM PRESSURE RISE BAR/DEG 2.5 3.1 
RATE 
,6.P % + 24~ 0 -
--< 
CYCLIC DISPERSION % 2.2 1.9 
op % - +13.6 
DELAY ANGLE 
fld 
DEGREE 19.0 18.8 
% - + 1.1 
BURN ANGLE 
flb 
DEGREE 26.0 24.2 
% - + 6.9 
* % Improvement Relative To "Normal" Ignition 
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The combustion process is approximately 50 of crank angle faster 
at 10:1 compression ratio as shown by the maximum pressure crank angle. 
This increased combustion rate is due mainly to higher burning velocity 
as a result of the increased charge temperature and reduced residual 
gas dilution. Increased measured flame speed results with higher 
compression ratio were presented earlier in sub-section 5.2.3 and Table 
5.3. 
The effect of spark plug location is demonstrated by the results 
shown in Table 5.8. This compares the 8:1 compression ratio disc 
chamber for the spark plug set at a radius of 19 mm (RS/RC = 0.54) 
with an alternative spark plug located at the centre of the chamber 
(RS/RC = 0). These results show that the central spark plug location 
gives a higher combustion rate compared to the normal spark plug location 
as verified by the 7% decrease in burn angle, 24% increase in maximum 
pressure rise rate and 20 reduction in maximum pressure crank angle. 
The cyclic dispersion was also reduced by 14%. Although the overall 
improvement is less than for the cases examined of increased compression 
ratio and dual ignition, the changes are only slightly less than for 
the B.I.P. and large area concentrated squish sector designs. 
5.4 Steady State Parameter Results 
Apart from in-cylinder measurements involving ionisation probes 
and a pressure transducer, measurements of other parameters were also 
made. These included power output, exhaust temperature and exhaust 
emissions. Although these parameters vary during the engine cycle, 
only mean or steady state measurements were made. 
It was found that the differences between the power output of the 
many combustion chambers designs tested was small and generally exceeded 
by scatter in the results. The power output clearly increased as the 
compression ratio was raised but since the ignition timing was also 
reduced, comparisons are not justified. 
As already stated, the vast majority of the tests were performed 
with the ignition timing fixed rather than using an M.B.T. setting 
since this method is considered to be far more applicable to the 
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in-cYlinder measure~nts. However, when dealing with power output, it 
is more useful to consider M.B.T. timing and therefore a comparison 
between the disc and B.I.P. chambers at M.B.T. timing was made. 
The results are shown in Fig. 5.17 which shows the optimum ignition 
timing and the corresponding power output as a function of engine speed. 
The graph indicates that the B.I.P. requires less ignition advance than 
the disc, varying between about 20 at 1250 RPM to 50 at 3000 RPM. 
This result confirms the combustion rate results presented earlier 
in Table 5.5 and Fig. 5.12. 
The power output at the lower speeds is about the same for both 
chamber designs but at higher speeds, the B.I.P. results in a higher 
power output. 
Exhaust gas temperature was measured since this parameter is 
sensitive to combustion rate; slower combustion resulting in higher 
temperature providing all other parameters are maintained constant. 
Two examples of exhaust gas temperature plots for the disc, B.I.P. 
and 48% sector designs are shown in Figs. 5.18 and 5.19. The former 
graphs indicate the effect of mixture strength and it can be seen 
that peak temperatures occur at air to fuel ratios of about 17:1, this 
being a compromise between high combustion temperature at rich mixtures 
and slow combustion at weak mixtures. The important point to note 
however is that the disc chamber results in the highest temperature 
with the B.I.P. second and the sector design having the lowest temperature. 
Of particular interest is the plateau occurring at air to fuel ratios 
greater than about 18.5:1 for the disc chamber suggesting that misfire 
is occurring. The temperatures for the other two designs continue 
decreasing down to air to fuel ratios of about 22:1 indicating that the 
compact squish designs would give improved lean mixture performance. 
The occurrence of misfire would partially explain the increase in flame 
travel angle at weak mixtures as shown in Fig. 5.4. 
Fig. 5.19 shows the effect of engine speed on exhaust temperature 
for the same three chamber designs. The temperature increases with 
engine speed mainly as a consequence of the constant ignition timing. 
The important point to note is that the temperature for the disc design 
is consist8~tly higher than for the other two chambers confirming the 
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fact that a more compact design has the highest combustion rate. 
Exhaust emissions were also analysed to determine the concentrations 
of CO, CO2 , Nox ' and HC (as hexane). Problems experienced with signal 
drift and reliability, despite servicing by the manufacturers, reduced 
the amount of measurements made. Those chambers for which measurements 
were made did not show any significant differences compared to the 
level of scatter in the results. 
5.5 Results from Heat Release Computer Model 
The heat release computer model COMPARED which is described in 
Chapter 4 was developed in order to analyse experimental pressure data 
in detail. This model was used to obtain t~e flame speed given in 
Section 5.2 for the 48% sector squish design. 
The effect of pressure data errors on the predicted values 
obtained using this model have been considered in Section 4.5. The 
purpose of this Section is to first illustrate the accuracy of the 
model by comparing measured flame propagation data, obtained from 
ionisation probes, with the predictions obtained from the model 
analysing pressure data recorded for the same engine cycles as the 
ionisation data. 
Second, turbulent burning velocity predictions for several chamber 
designs are compared, thereby indicating the utility and limitations 
of the model. 
Figures 5.20 through 5.22 compare the predicted flame radius/crank 
angle profiles with the ionisation data results for several chamber 
designs and different operating conditions. Inspection of these graphs 
shows that in general the heat release model predicts slightly lower 
flame speeds during the early part of the flame propagation. The 
accuracy of the model does not vary considerably over the range of 
different combustion chamber configurations and operating conditions. 
It should be emphasised that the difference between the results will be 
due to errors in the ionisation data, pressure data and heat release 
model. Bearing this in mind, it would appear that the model gives very 
good results since the flame radius/crank angle curves based on results 
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from several ionisation probes suggest some scatter between probes. 
The model predictions have been compared with the ionisation data 
for a large number of operating conditions and chamber designs. In 
all cases, the results obtained suggest that the model is sufficiently 
accurate to be used as an analysis tool to enable quantitative results 
to be obtained. Comparisons between the burnt mass fractions predicted 
by this model and the Harrington( 74 ) method, described in Chapter 4, 
have shown that the difference is negligible in most cases. 
The major source of error in the model when used for flame speed 
evaluation is the assumption of spherical flame profiles. Whilst this 
is in general a reasonable assumption, it is known that swirl, quench 
zones and probably squish will tend to distort the flame profile. 
Evidence of this type of distortion has been detected in this study 
and has been presented earlier in Fig. 5.8. It is clear that if 
large deviations from the spherical profile occur, errors may be 
significa~t. This is particularly the case for large squish area type 
chambers due to the large variation in chamber height (and hence volume) 
between the main chamber and squish zone. 
On the other hand, if large flame profile deviation occur, flame 
speed measurements using several ionisation probes becom9 meaningless 
since at best they can only indicate the mean flame speed or travel 
angle between two probes in the chamber and do not indicate the rate 
of volume enflament. In such circumstances, comparison of flame speeds, 
obtained from whichever method can only be of limited usefulness. However, 
the heat release model has the advantage that it can predict a reasonably 
accurate burnt volume and burnt mass fraction. 
Predicted turbulent burning velocities plotted against flame radius 
for several chamber designs are shown in Figs. 5.23 and 5.24. Apart 
from showing the way in which the burning velocity varies across the 
chamber, this type of plot can be used to compare the burning velocity 
rather than the total flame speed variation for the different chambers. 
Fig. 5.23 suggests that the burning velocity for the three designs 
is similar during the first half of the propagation with large variations 
during the latter half. This is in contrast with 5.23 where the 
differences are much smaller. There is insufficient evidence to show 
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whether or not these variations do occur but it is thought likely that 
some of the differences with the large squish area designs are due to 
the errors discussed earlier regarding the spherical flame profile 
assumption. 
In addition to the analysis of mean engine cycles, based on the 
ensemble average of 99 consecutive engine cycles, about forty individual 
engine cycles were also analysed using the heat release model. The 
purpose of doing this was to check on the agreement between the 
ionisation results and model predictions for individual cycles ranging 
from "fast" to "slow" combustion rates. A second reason was to 
determine whether or not fast cycleq resulted in a higher combustion 
efficiency factor than the slow cycles. 
For the individual cycle analysis, the mean measured values of 
equivalence ratio and volumetric efficiency were used as input data. 
The predictions obtained were found to be in good agreement with the 
ionisation probe results, the magnitude of the differences being siw.ilsr 
to the mean cycle results already presented. The agreement was in 
general about the same for both fast and slow cycles. 
The combustion efficiency factor, defined in Section 4.4 by equations 
4.11 and 4.12, was found to vary between about 70% to 90% for mean 
cycles and about 60% to 100% for individual cycles. Although this 
parameter was plotted against operating parameters such as engine speed, 
ignition timing and equivalence ratio, no clear trends could be detected. 
With individual cycles, it was found that whilst the slow cycles in 
general gave slightly lower combustion efficiency factors than the 
fast cycles, the differences were very small and almost negligible 
compared with the scatter. 
5.6 Individual Cycle Analysis 
The ionisation and pressure data results reported inthe previous 
sections of this Chapter were ensemble averaged values based on 99 
consecutive engine cycles. Due to cyclic dispersion, ensemble averaged 
values are much more suitable for analysing combustion chamber 
performance than individual cycle values. 
However, data from several hundred individual cycles were also 
analysed, there being three main reasons for doing this:-
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a) To demonstrate the ability of the data acquisition/processing 
system to readily provide data for consecutive individual cycles 
with syncronisation for up to twelve data channels. 
b) To provide pressure and ionisation data so that the accuracy 
of the heat release model could be verified for individual as 
well as ensemble averaged cycles. Details of these results have 
been given in the previous section. 
c) To exploit the advantages of the experimental set up so that 
information showing the variation of the flame propagation, both 
during a single cycle and from one cycle to the next, could be 
obtained. Whilst this information is not completely relevant to 
the objectives of this study, the results obtained are of general 
interest. This is particularly so since little information of 
this type has been published. 
Fig. 5.25, the first of three graphs to be presented in this section, 
shows the flame arrival angles for 15 consecutive cycles as measured 
using five ionisation probes situated at different distances from the 
spark plug (see Fig. 3.2 for details of the probe positions). There 
are three major points to note from this graph. First, the cycle to 
cycle variation increases as the flame arrival angle and ionisation 
probe distances increase. Next, the cycle to cycle variation appears 
to be completely random with no dependence between consecutive cycles. 
Third, although in general the relative merits of an individual cycle 
are the same for all probes, some cases exist where this is not 
completely true. For example, cycles No. 6 and 11 are better than 
average throughout the propagation whereas cycle No. 12 starts off 
slower but finishes slightly faster than average. 
Correlations between the flame arrival angles at ionisation probes 
situated at 10 mm and 50 mm and maximum cylinder pressure are shown 
in Fig. 5.26. Best fit lines show that the engine cycles which result 
in higher than average cylinder pressure also tend to be the cycles 
with minimum flame travel angles. The maximum deviation in flame travel 
angle from the best fit lines and from the mean flame travel angle is 
about 16% and 20% respectively for both sets of data. 
This shows that although the magnitude of the flame dispersion 
increases throughout the flame propagation process, the percentage 
remains about constant. More important, the correlations suggest 
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that the level of dispersion is dictated by the events occurring during 
the early part of the ignition process. This is supported by the good 
agreement between flame arrival angles at ionisation probe 1, 
situated at 10 mm from the spark plug, and the peak cylinder pressure. 
Further correlations are presented in Fig. 5.27. The top graph 
shows that the correlation between flame travel angles for ionsiation 
probes 1 and 2 is about ± 20%. This confirms the importance of the 
ignition process with respect to dispersion. The lower graph shows 
that the crank angle at which maximum pressure occurs is related to the 
flame arrival 8ngle at probe 2. It can also be seen that whilst the 
flame arrival and maximum pressure angles are about the same value for 
fast combustion cycles, slower cycles have less effect on the latter 
parameter than they do on the former. This would be expected since the 
peak pressure angle is a function of both the rate of combustion and 
piston movement. 
Examination of the pressure time data for the individual cycles 
reveals that quite large variations in cylinder pressure occurred prior 
to and during the early part of the ignition process. Maximum variations 
of about ± O.B Bar (approx. ± 10%) were noted. Due to the evidence 
obtained suggesting the importance of the dispersion at the start of 
combustion, the cylinder pressure at ignition was plotted against peak 
cylinder pressure. However, this plot did not suggest any dependence 
between the tlJlO parameters, thereby eliminating the pressure variations 
at ignition as being a possible mechanism for the dispersion. 
Therefore, it would appear that the variation is due to some other 
cause, the most likely candidates being charge motion effects or non-
homogeneous variations in charge composition adjacent to the spark plug 
electrode. Whilst the exact mechanism is not known, the results 
presented in this Chapter have shown that design parameter changes which 
reduce the combustion duration also reduce the cyclic dispersion. 
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CHAPTER 6 
DETAILS OF COMPUTER SIMULATION MODELS 
CHAPTER 6 
6.1 Introduction 
Computer simulation of the internal combustion cycle offers many 
advantages to the engine research worker, the main ones being:-
a) Reduction in the need for experimental testing, producing 
results in a fraction of the time and at reduced cost. 
b) The detailed cycle analysis provides a better understandin~ 
of the complex processes involved. 
c) Parameters can be varied both independently (of other 
parameters) and outside of the experimental range. 
d) The range of parameters obtained from an experimental study 
can be greatly extended by using a simulation model to analyse 
the experimental (e.g. pressure-time) data. 
These advantages have resulted in the development of a large 
number of models of varying complexity and scope. Much success has 
been achieved to date using thermodynamic or zero dimensional models 
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such as those reported for example in Refs. 8-12. A characteristic of 
these models is that the spatial and time variations of the charge 
properties are either ignored or modelled in a relatively simple fashion. 
Also, it is common for the model to concentrate on the aspects of the 
engine processes which are of particular interest to the objectives of 
the study for which it is being used. Despite this simplistic approach, 
good predictions can be obtained provided that empirical data (such as 
a burning velocity correlation) are used. As one might expect, these 
models are ideally suited for parametric studies. 
More recently, multi-dimensional models (e.g. 77, 78) have been 
reported which model the spatial variations of parameters such as charge 
motion, composition and temperature within the combustion chamber and 
inlet and exhaust manifolds. These models tend to be very detailed in 
their description of the processes since their ultimate goal is to be 
totally predictive with respect to engine design. At present, these 
models suffer from being expensive to run and tend to give poor agreement 
with experimental results due to the lack of data and knowledge on the 
fundamentals of combustion. 
For this study, a simulation program wes required which could 
predict the values of the relevant parameters for a large range of idealised 
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combustion chamber designs. Consideration of the previously reported 
models indicated that none of these readily permitted the chamber design 
to be altered since large amounts of data in the form of either flame 
radius/burnt volume/surface area polynomials (10 ,79 ) or chamber 
. (36 78) 
wall co-ordlnates ' would be required for each design. Also, 
multi-dimensional type models were considered to be unsuitable due to 
their excessive computer storage and run time requirements. 
It became clear that a model with the ability to predict the effect 
on engine performance of a large range of idealised chamber designs, 
approximating to typical present and future designs, whilst requiring 
minimal input data would be of considerable utility to engine researchers 
and designers. Such a model would allow optimum chamber designs to be 
obtained rapidly and with minimum expense, would indicate the relative 
importance of parameters and would simplify the analysis of experimental 
/ results. 
Therefore, the main objective of the theoretical part of the work 
was to prnduGe a computer simulation model capable of satisfying the 
requirements outlined above. For convenience, tho developmont of this 
model can be considered in 2 parts, namely:-
a) Thermodynamic Model. This was a relatively simple program 
based on a number of previously reported models (e.g. refs. 9 ,10 
11 79 ) and is described in Section 6.2. 
b) Geometrical Model. This was an extension of the simple 
( 24 , 80 ) 
cylindrical model. previously reported and calculated 
the burnt volume, burnt gas wall surface areas and flame front 
surface areas for a large range of chamber designs. This model 
is described in Section 6.3 and was either used as part of the 
combustion simulation programs or was used independently to 
calculate the variation of the geometrical parameters. with 
flame radius for the different chamber designs. 
The computer simulation model was developed in 2 versions, a 
predictive combustion program called COMPSIMP (COMputer SIMulation 
Program) and a heat release program called COMPARED (COMbustion 
PARameters from Experimental Data). These programs are very similar, 
sharing all subroutines/functions and many main program algorithms, 
the difference being that the former uses a flame speed correlation 
whilst the latter requires measured pressure-time data. Due to this 
similarity, only the predictive program will be described in this 
Chapter, the parts of the heat release program which differ from this 
have been 'described in Section 4.4. 
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In the final part of this Chapter, Section 6.4, results predicted 
by the simulation program for a range of operating conditions are 
presented to verify the accuracy of the computer model. Computed 
results indicating the effect of combustion chamber design on both 
burnt vOlume/surface areas and combustion parameters such as combustion 
rate are presented and discussed in Chapter 7. 
6.2 Thermodynamic Model 
6.2.1 General 
The purpose of the computer model is to predict the effects 
of combustion chamber design. To reduce the amount of work required 
to construct the computer program and the amount of computer resources 
required to use it, the general philosophy adopted was to avoid 
modelling parts of the engine cycle which were not significantly affected 
by chamber design. 
In keeping with this philosophy, the complex processes 
occurring during the intake and exhaust processes are not simulated 
and instead; assumed values of volumetric efficiency, cylinder pressure 
at inlet valve closure (I.V.C.) and exhaust residual fraction are 
specified as data. Therefore, the part of the engine cycle modelled 
is from I.V.C. to exhaust valve opening (E.V.O.). For convenience, 
this period was divided into three separate processes, namely 
compression, combustion and expansion. 
The simulation model,which was written in Fortran, was based 
on a forward stepping, iterative solution technique similar to that 
used by James ( 10 ) and Phillipps and Orman ( 9) This method was 
used in preference to the alternative numerical solution of non-linear 
multi-order differential equations due to its relative simplicity, 
flexibility, reduced computer resource requirement ( 10 ) and the good 
,predictions previously obtained using this method. 
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In its present form, the model can simulate the effect of a 
number of parameters including:-
a) Engine Speed 
b) Ignition Timing 
c) Compression Ratio 
d) Cylinder Dimensions (Sore and Stroke) 
e) Combustion Chamber Shape 
f) Spark Plug Location 
g) Dual Spark Plugs. 
In addition, the program includes several desirable features:-
a) Residual Gas Dilution 
b) Dissociation 
c) Variable Specific Heats 
d) Heat Transfer 
The main assumptions made in the model are:-
a) The fuel is iso-octane and the oxidant is moist air. 
b) The charge behaves as a perfect gas. 
c) The charge properties and species concentrations are 
completely homogeneous (i.e. no quench layers or pressure 
and temperature gradients) during the compr8ssion and 
expansion processes. 
d) No pre flame reactions occur. 
e) During combustion, two sub-systems, each having 
homogeneous properties, exist,separated by an infinitely 
thin reaction zone. 
f) The flame propagates spherically outwards about the 
ignition origin. 
g) The products satisfy the equilibrium conditions (i.e. 
chemical kinetics are ignored). 
A flow diagram showing the computational logic is shown in 
·Fig. 6.1. This shows only the major steps. A full listing 
of the program is presented in Appendix VIII for readers wishing to 
know more precise details. A number of subroutines and functions 
/ 
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are used and a brief description of these is given in Table 6.1. 
Basically, the model predicts the charge temperatures, 
pressures, flame speed, flame radius, heat and work transfer, emissions 
and other data during the cycle. In addition, the power output and 
heat transfer for the cycle is calculated allowing optimum ignition 
timings to be determined. 
The cycle simulation Uses a number of expressions, the major 
ones being as follows:-
STATE EQUATION 
P.v = M • R. T 
where P = Pressure 
V = Volume 
M 
-
Mass 
R = Specific Gas Constant 
T = Temperature 
ENERGY BALANCE (1st LAW) 
Q-W= .6u 
where Q = Heat Transfer 
W = Work Transfer 
AU = Change in Internal Energy 
POLYTROPIC PROCESS RELATIONSHIP 
n P.V = 
where 
Constant 
n is the compression or expansion index 
CONTINUITY EQUATION 
= 
where M 1 and M 2 refer to the mass at two points 
in time 
- (6.1) 
- (6.2) 
- (6.3) 
- (6.4) 
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SEGMENT NAME PURPOSE OF SEGMENT REFER TO 
COMP Calculates change in state 6.2.2 
properties and energy transferred 
for a polytropic process 
Cpr~EAN Determines the mean mixture Appendix 
sped. fic heat over specified VI 
temperature range 
DIM Evaluates the dimensions of the 6.3 
specified combustion chamber 
design 
EBURN Calculate equilibrium composition Appendix 
of products for given temperature V 
and pressure 
FLARAD Computes the flame radius 6.3 
corresponding to a given burnt 
volume for a specified chamber 
RESIDUL Determines the composition of the Appendix 
unburnt mixture assuming a known V 
residual fraction 
SAVOL Calculatos the burnt volume and 6.3 
flame and heat transfer surface 
areas for a given chamber design 
VALVE Evaluates the additional volume and 6.3 
areas for cylindrical valve type 
recesses 
TABLE 6.1 
DESCRIPTION OF COMPUTER SEGMENTS 
\ 
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HEAT TRANSFER CORRELATION 
Q = A . h . (T - T ) w c w - (6.5) 
where A is the Heat Transfer Area 
w 
T is the assumed Wall Temperature 
w 
h is the Heat Transfer Coefficient 
c 
The heat transfer coefficient is calculated using Eichelberg 
( 81 ) 
expression:-
10-6(5 . N)~ .l. h = 0.523 x ( p/T)2 c 300 
where h is in W/mm 2 oK 
c 
S is the Stroke (mm) 
N is the Engine Speed (R.P.M.) 
p and T are in Bars and oK 
PISTON POSITION 
The piston position relative to the T.D.C. position, x, 
is calculated using the following expression:-
Ca) + [ 1[2 I x = S/2 (1 - COS SIN 2(fl» 
where E = 2 C /s L 
~ is the Crank Angle 
CL is the Connecting Rod Length 
- (6.6) 
- (6.7) 
These are the main expressions upon which the program is 
based but a number of other equations are also used for the various 
processes. Details of some of these are given in the remainder of 
this section and in Appendicies V and VI. 
Input data required by the program include details of the 
operating conditions, general engine specification, combustion chamber 
design and empirical constants. Details of the data which must be 
specified are included in the program listing in Appendix VIII. 
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The predicted results are printed out in tabular form at the 
end of the cycle simulation. An example of the results produced and 
the format used is also presented in Appendix VIII. In addition to 
the tabular output, selected results and warnings are printed out 
during the cycle calculations to help the user to identify any errors 
or problems which may arise. 
The program has been run on both I.C.L. 19045 and Digital 
PDP 11 computers with reliable results. Note that the listing given 
in Appendix VIII is for the I.C.L. machine and some minor changes are 
required for the PDP 11. The run time is dependent on the specified 
data but is typically of the order of 20 - 30 seconds. 
6.2.2 Compression/Expansion Processes 
The calculations required for the compression and expansion 
processes were very similar and were performed using subroutine COMP, 
the flowchart of which is shown in Fig. 6.2. The major differences 
between the two processos, apart from the fact that the composition 
and properties of the charge are different, is that for compression, 
the composition is assumed constant (i.e. preflame reactions ignored) 
whereas for the expansion, the composition is varied as some of the 
dissociated products recombine. As with previous models (9 10) 
it is assumed that at temperatures below 16000 K, the composition is 
frozen at the 16000 K value. 
The pressure at the start of the compression process is 
specified as data and the temperature calculated using equation (6.1). 
The pressure and hence temperature for any given intake system will 
be a function of volumetric efficiency and residual fraction. An 
approximate empirical expression to give the correct type of dependence 
of pressure and temperature on throttling and residual fraction was 
used and is given by:-
where 
PDAT • ( ~VOL x 0.93/75.0 + RES/Ioo) 
PIVC is the calculated pressure at the start 
of compression 
- (6.8) 
PDAT is the specified pressure constant (taken as 
0.9 Bar in this work) 
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1. VOL is the volumetric efficiency (%) 
RES is the assumed residual fraction (%) 
The object of the calculations is to establish the conditions 
at the end of the specified interval (values of 100 and 40 were used 
for compression and expansion respectively) knowing the conditions 
at the start. To achieve this, the process between end states, was 
idealised as being made up of two processes, namely an isentropic process 
from the initial to final cylinder volumes, followed by heat transfer 
and chemical recombination effects at constant volume. This idealisation 
is shown diagramatically in Fig. 6.2 and is similar to that used by 
James( 10 ) and Phillipps and Orman( 9 ) although the computational 
method used here is different from these previous works. 
'" The calculations start by estimating the final conditions and 
then calculating the gas properties and heat transfer based on the 
estimated values. For the expansion process, the internal energy of 
reactiondu8 to equilibrium composition changes is also computed 
providing the temperature exceeds 16000 K. 
The final volume, V2, is calculated using equation (6.7) and 
the final temperature, T2 , is then evaluated using equations (6.2) and 
(VIo15) 
T2 = 
where 
Using 
I 
T2 = 
where 
I Q L\ Up T 2 M Cv M . 
- (6.9) 
m is the charge mass 
6 Up is the change in internal energy of formation 
(UP2 - UPl) for the products = 0 for compression 
process 
C is the mean specific heat at constant volume 
v 
I 
T2 is the isentropic temperature 
I 
equations (6.1) and (6.3), T2 is given by:-
C~ & - 1 T1 -(6.10) 
~= Ratio of Sped fic Heats 
The corresponding pressure is calculated using the equation 
of state (6.1). If the value of T is not within O.2oC of the 
2 
previously estimated value, the calculations are repeated until 
agreement is reached. This order of error will only have a slight 
effect on the calculated properties and heat transfer and should be 
insignificant. 
Having calculated the final state values, the work transfer 
is computed using:-
w = 
P 2 • V 2 - PI .V 1 
I - n 
which using equation (6.3) becomes 
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w = 
P2 • V2 - PI • VI 
-(6.11 ) 
Log (P2/PI )/Lo9(VI /V2 ) 
This process is repeated throughout the compression and 
expansion processes until either ignition or exhaust valve opening 
occur; each time the final values becoming the initial values for 
the next stage. 
6.2.3 Combustion Process 
During the combustion process, the cylinder contents are 
assumed to be divided into two SUb-systems representing the unburnt 
(u) and burnt (b) fractions. These two zones are assumed to be 
separated by an infinitesimally thin flame front which propagates 
spherically from the spark plug electrodes. 
In this model, the combustion process is idealised as 
involving six steps:-
a) Constant pressure enflament 
b) Adiabatic mixing of the burnt and enflamed charges 
c) Combustion of burnt/enflamed mixture at constant volume 
d) Expansion/compression of burnt/unburnt fractions to 
achieve pressure equilibrium 
e) Piston movement resulting in expansion/compression 
of the charges to give uniform pressure 
f) Heat transfer at constant volume resulting in further 
changes in pressure, temperature and sUb-system volumes. 
This type of sequence is similar to (but not the same as) 
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that used by Patterson and Van Wylen( 79) However, for the purposes 
of ths combustion calculations, the six idealised steps were reduced 
to two computational steps as follows:-
1) "Combustion step" covering idealisation steps 
./ 
(a) - (c). Let the ini tial and final states be denoted 
by sufficies 0 and I respectively 
2) "Piston Movement" step covering idealisation steps 
(d) - (f). Let the initial and final states be denoted 
by 1 and 2 respectively. 
This two step combustion system is similar to that used 
by Phillips and Orman(9) and James (10) and is preferable to using 
a larger number of steps since it reduces program size, running time 
and the total magnitude of iteration errors. 
The concept of the two step combustion model is illustrated 
diagramatically in Fig. 6.3. This shows the P-V diagrams for the 
burnt and unburnt sUb-systems in addition to a diagrammatic 
illustration of the flame front and piston positions. 
Combustion step 
At the start of the combustion step, the states of the sub-
systems are fully defined, having been set equal to the values 
calculated for the end of the previous combustion or compression step. 
Knowing the unburnt temperature and cylinder pressure, the 
turbulent burning velocity UT is calculated, the method and expressions 
used being described in Section 6.2.4. The calculated value of UT 
is then used to determine the flame radius at the end of the step, r fl , 
using:-
Where 
t. 
1 
= 
= 
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-(6.12) 
r fO is the flame radius at the start of the 
stage and t. is the time (in seconds) which 1 . . 
corresponds to the specified crank angle interval, 
G., taken to be 20 in this work, and defined by:-
1 
G. 
1 
6xN 
-(6.13) 
The corresponding volume of the burnt zone, Vbl , is now 
calculated using subroutine SAVOL, which is described in Section 6.3. 
,-
The corresponding values of unburnt volume and the masses of the 
sUb-systems are then calculated using 
V
ul = V -1 Vbl -(6.13) 
Mul Vul • ((u 
V
ul . Pul = = 
R . Tul u 
-(6.14) 
where e is the density 
M bl = M -M ul -(6.15) 
Having established the mass and volume of the sub-systems, 
the mixture in the burnt zone is allowed to react under equilibrium 
conditions and at constant volume. The temperature of the burnt gas 
at the end of the combustion step is calculated by applying the first 
Law of Thermodynamics, equation (6.2). Since the combustion is 
assumed to occur at constant volume with no heat transfer, the internal 
energy must be constant. 
i.e. o 
Using equation (VI.IS) we obtain the following expression 
for T bl :-
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= \ + ~(TUO - TL ) • Cv + (U r - Up1 )] L'lMb 
+ rUpO - Up1 ) + (TbO - \) • Cv] MbO] / 
-(6.16) 
(C
v 
• Mb1 ) 
where: \ = 
Ll Mb = 
U is the Internal Energy of Formation 
(sufficies I' and p for reactants and 
products) 
Ti19 internal energy of formation for the burnt and 
unburnt mixtures is calculated using the data and expressions given 
in Appendix VI. The values used in equation (6.16) were reduced by 
multiplying by an efficiency factor which is determined from 
experim8nt31 pressure-time data. In this work, an efficiency factor 
of 0.89 was used. (See Section 4.5 for further details). 
The corresponding pressure Pbl is calculated using the 
equation of state (6.1). 
Piston Movement Step 
In this step, heat transfer and piston movement are allowed 
to occur and the sUb-systems expand/compress to give pressure 
equilibrium at the end of the stage. 
Heat transfer from the two sUb-systems is calculated using 
equations (6.5) and (6.6) with the surface areas being calculated using 
subroutine SAVOL. Note that it was assumed that no heat transfer 
occurred between the two sub-systems. Mean values of surface area 
and temperature for the stage are used with the final values being 
estimated. These are then updated as necessary until the required 
agreement is achieved. 
The solution is a3 follows:-
a) Estimate volumes at the end of the step 
b) Calculate burnt and unburnt temperatures based on 
isentropic expansion/compression minus heat losses as for 
compression/expansion processes, i.e. equation (6.9) 
c) Calculate pressures from equation (6.1) 
d) Compare the calculated pressures for the two sub-
systems. Generally, these will not agree and an estimate 
of the final pressure is obtained from:-
M 
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= (~ + 0.5) 
M 
Pu2 
+ ---
M 
(1.5 - ~) 
M 
-(6.17) 
2.0 
e1 Improved estimates of the final volumes are then 
obtained by expanding/compressing the smaller of the two 
volumes to the value given by equation (6.17) using equation 
(6.3). 
f) (b) to (8) are repeated until agreement is reached. 
The flame radius at the end of the stage corresponding to 
the burnt volume and piston position is calculated using function 
fLARAD, described in Section 6.3. The mean flame speed for the stage, 
Uf , is calculated using: 
= 
The piston work for the interval was finally calculated 
using an approximate relationship:-
w 
-(6.18) 
-(6.19) 
Although this is only strictly true for a constant pressure 
process, it should give acceptable results for the small stage 
incremental values used. 
The combustion calculations are repeated until the calculated 
burnt volume fraction exceed 99.4%. At this point, the charge is 
assumed to be totally products and the expansion procoss calculations 
described in Section 6.2.2 continue. 
168 
6.2.4 Prediction of Turbulent Burning Velocity 
A mul ti tude of laminar and turbulent flame propagation theories and 
models have been proposed and some of these have been reviewed in 
Section 2. 2. None of the turbulent models reported are capable 
of being totally predictive or universally applicable and therefore 
require empirical constants to obtain agreement with measured values. 
For this study, the turbulent burning velocity UT was assumed to 
be related to the laminar burning velocity UL by:-
= -(6.20) 
Where / KT is a constant determined from empirical data 
N is the engine speed 
This type of expression has been used by many researchers ( 9 , 
10 36 ) 
and gives fairly good agreement with measured results. 
It should be noted however that equation ( 6.20 ) implies that t~e 
ratio U /U (i. e. F. S. R. ) :-T L 
a) Increases linearly with engine speed and is equal to unity 
at zero engine speed. 
resul ts ( 38) • 
This is in good agreement with experimental 
b) Is independant of crank angle, throttle opening (or load) 
and combustion chamber design (shape, compression ratio, etc). 
This does not mean that UT is constant since UL will vary with 
temperature. 
It is not clear from previous work whether or not the ratio UT/UL 
should be made proportional to mean gas flow rate through the intake 
( 11, 24) . 
valve as suggested by some workers rather than the engine 
speed correlation used. The uncertainties arise due to throttling 
affecting the residual fraction and charge temperatures and pressures 
in addition to the turbulence effects, each one of which would modify 
.the turbulent burning velocity. Fortunately,this was not a serious 
problem here since the majority of the predicted results given in 
Chapter 7 correspond to a constant volumetric efficiency of 75%. 
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This study concentrates on combustion chamber design and there-
fore it is important to point out that the turbulent to laminar flame 
speed ratio was assumed to be independent of chamber design (assuming 
that the intake valve and port arrangement is not modified). In the 
case of compression ratio, an increased value would reduce the residual 
fraction slightly and increase the compression temperature, the nett 
result being an increase in predicted flame speed. 
In the case of chamber shape, the flame speed ratio was kept 
constant for 2 reasons. 
a) Experimental results (reported in Chapter 5) obtained as 
part of this work, in additio~ to the results of other workers 
( 36, 40 , 46 ) . indicate that the flame speed and turbulence 
are not greatly affected by chamber shape. 
b) It allowed the geometrical effects of chamber shape to be 
studied independently of turbulence effects. The prediction 
could then be compared with experimental results, thereby 
indicating the relative effect of the chamber generated 
turbulence. 
The value of KT in equation (6.20) was determined by comparing 
the predicted and experimentally measured flame propagation rates for 
.the cylindrical combustion chamber operating over a range of speeds 
and equivalence ratios qut at a fixed volumetric efficiency of 75%. 
As with previous workers( 10 , 11 ) it was found necessqry to use 
a reduced value of KT during the early part of the flame travel 
although a constant value could be assigned for the remainder. This 
is thought to be due to the effect of a stagnant boundary layer and a 
thermal quench zone around the spark plug electrodes and walls. 
James( 10 ) for example assumed laminar propagation for the first 
3.5 mm of travel whilst Samaga and Murthy( 11 ) assumed a linear 
increase from zero to full velocity during the first 10% of its 
travel and a linear decrease during the final 5%. 
or 
The value of KT used in this work was as follows:-
= 
= 
-1 0.00291 R.P.M. 
r f 
0.00291 x 10.0 
for r f > 10.0 
-1 R.P.M. for r f 10.0 
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Where = flame radius in mm. 
These values were found to give good agreemant with the multiple 
ionisation probe measurements obtained from the Bermoter engine 
and have been used for most of the results presented in this and tho 
next chapter. 
The laminar flame velocity, UL, was calculated using a simplified 
version of the Semenov ( 82 ) equation as reported by Samaga and 
Murthy ( 83 ) The values of UL in cm/s is given by:-
I 
-E/R • TF 
• eo. (1 - A • Y) 
-(6.21) 
Where 
and 
Y 1 - R • TF = 0 
E " (1 - T u/T F) 
A = ~ for ~Sl 
A = l/~ for ~> 1 
E is the activation energy = 40 Kcal/mol for iso-octane 
ratio of moles of reactants to moles 
of products in the stoichiometric equation = 0.945 for 
Cs HIS" 
R is the universal gas constant = 1.9858 x 10-3 
o 
k cal/moloK 
T = unburnt gas temperature oK u 
TF = adiabatic flame tempe ratu re oK 
K 
--
is a constant and was given as 59.0 in Ref. 83 
The adiabatic flame temperature, TF, is calculated by assuming 
a constant pressure combustion process with no heat transfer across 
the "boundary". The first law of thermodynamics states that the 
. enthalpy H is constant, i.e. 
= 
. 
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Using equation (VI.16) we obtain:-
= [FF + C p -(6.22) 
Where 
I 
H F is the enthalpy of formation per unit mass of 
C is mean specific heat at constant pressure p 
sufficies rand p denote reactants and products 
respectively. 
Since Cp and HF for the products will be a function of the 
final temperature, the calculation is performed using an iterative 
technique. 
Using equations (5.21) and (6.22), the predicted laminar flame 
speed was calculated for a range of equivalence ratio's for a fixed 
unburnt temperature of 700oK. The results are shown in Fig. 6.4 
by the dotted curve. 
This shows that the maximum value is predicted at an equivalence 
ratio of 1.15. Also, although the curve reduces either side of this, 
a discontinuity exists between equivalence ratios of between 0.9S~and 
1.1. This does not agree with experimental results as shown by 
Dugger and Graab( 84 ) and therefore it was decided to modify the 
results in this region by using an alternative expression for 'A' 
in equation (6.21). 
The value of 'A' was calculated using 
A = ¢for¢=50.9 
= 0.9 + (¢ - 0.9)/2.0 for 0.9 <. ~ !E: 1.0 
.l. 
= 1.0/1.1 + «1.1 - ~) x 0.126)2 for 1.0 < ~ < 1.1 
1/~ for ~ >- 1.1 = 
The effect of this is shown by the solid line in Fig. 6.4 and it 
can be seen that a smooth curve is now predicted. However, the constant 
'K' in equation ( 6.21 ) will need to be reduced since the data 
upon which the value of 59.0 was based was for ~ = 1.05 and UL is 
now increased at this equivalence ratio. It was found that a value of 
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of 55.0 gave the best agreement with the data for iso-octance given 
in Ref. 21 as shown below. 
Initial Flame Equivalence Laminar Flame Velocity cm/s 
Temg. Temg. Ratio 
T K TF K ¢ Experimental Predicted u 
311 2285 1.05 34.9 34.94 
422. 2337 1.05 56.8 56.91 
The predicted laminar flame velocities for a range of unburnt 
I 
temperatures and equivalence ratios are presented in Fig. 6.5. 
6.2.5. Calculation of Squish Velocities during Combustion 
Ap~Dndix IV gives details of the method used and the assumptions 
made for the r.alcul ation of squish veloei ties when the density of the 
cylinder charge is assumed to be spatially uniform. Although this 
is approximately true for motored engines, it is clearly a gross 
assumption for fired engines where large density variations exist 
between the burnt and unburnt charges. The effect of combustion on 
the squish velocity appears to have been either over-looked or ignored 
by previous workers studying this subject since no results have been 
published. 
To help in understanding the effects of combustion chamber 
design, it would be helpful to have a more reasonable estimate of the 
squish velocities during the combustion. In this work therefore, 
an algorithm was written to calculate the squish velocity under firing 
conditions. This was incorporated into the computer simulation program 
and used the predicted values of charge densities for the squish 
determination. 
Since the purpose of these calculations is to show the effect of 
combustion on the motored values, no attempt was made to calculate 
the velocities for all the chamber configurations which can be 
specified. Instead, the computations were restricted to the simple 
case of a symmetrical squish chamber configuration with central 
ignition, i.e., bowl in piston or hemi-spherical head. 
The squish velocity is evaluated by calculating the change in 
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the mass of the charge in either the annulus or bowl during the stage 
increment and then dividing by the mean flow area and density. The 
squish velocity for a bowl in piston design of bowl radius rb 
is given by:-
u 
s = 
M 
where: 
M = 
e = 
M = 
e = 
SQA • (h • e 
o uo (e uo +eu2)/2.0 
(V2 - SQA ( e bo + • h2 ) • ~b2 - (Vo - SQA • ho) • E?bO (=>b2)/2.0 
and rb is the bowl radius 
t. is the stage increment in seconds 
~ 
SQA is the squish area 
-(6.23) 
h is the piston to head height = x + bumping clearance. 
The results obtained from using this expression are compared with 
the corresponding motored values in Chapter 7. 
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6.3 Geometrical Simulation Model 
6.3.1 Introduction 
This section describes the geometrical simulation model which was 
written to predict the burnt VOlume/surface areas versus flame radius 
relationships for a number of combustion chamber designs. This model, 
the development of which was a major part of the work, was required 
for three reasons 
a) To obtain plots of burnt volume and flame surface area 
against flame radius. These cu~ves can then be compared and 
analysed to obtain a good idea of how the engine will perform 
with the combustion chamber under consideration (see Section 2. 
for details). 
b) To be used as part of the heat release model COMPARED, so that 
the flame speed and heat transfer surface area could be determined. 
c) To be used as part of the predictive combustion simulation 
model COMPSIMP, so that burnt volume, heat transfer surface area 
and flame speed could be determined. 
The geometrical model consists of four computer segments, namely 
DIM, FLARAD, SA VOL and VALVE, a brief description of the purpose of 
these segments having been given in Table 6.1 whilst 8 program listing 
appears in Appendix VIII. 
FLARAD calculates the flame radius knowing the burnt volume and is 
described in more detail in Section 6.3.4. The other three segments 
are complementary and calculate the burnt volume and flame/heat 
transfer surface area for a specified flame radius assuming a spherical 
flame front. A general description of these segments is presented in 
Section 6.3.2 whilst details of the computational method and 
expressions used are described in Section 6.3.3 and Appendix VII. 
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6.3.2 General Description 
There are several ways in which the burnt volume and surface areas 
may be calculated in a combustion simulation model:-
1) Input Data Interpolation. Burnt volumes and flame/heat 
transfer surface area data at a number of piston and flame front 
( 79 ) locations are input to the program in the form of array data 
. (10) 
or polynomial equatlons • The data can be obtained either 
experimentally or using theoretical expressions. The burnt 
volume and surface areas at a specified flame radius and engine 
crank angle are then calculated by interpolating between the 
input values. 
II) Approximation Formulae. Expressions relating the 
geometrical parameters to the flame radius and piston position 
are used in this method( 80 ) These expressions can be obtained 
eith8r from theory or a data fitting correlation. 
III) Numerical Integration. An integration method is used 
to give exact integral expressions r81ating the geometrical 
( 24 ,80 ) parameters to flame radius and piston position 
These equations are then solved numerically. 
IV) 3 Dimensional Mesh. 
chamber is specified in terms 
dimensional mesh or grid ( 36 
The shape of the combustion 
of the co-ordinates of a 3 
) The burnt volume and surface 
areas can then be determined for any flame radius and piston 
position (providing the mesh dimensions are not fixed in the 
axial plane). The accuracy and computer requirements for this 
method are dependent on the size of mesh used. 
The relative advantages and disadvantages of these methods are 
compared in table 6.2. It is clear from this comparison that each 
method has some favourable features and the method chosen will be 
dependent on the actual application. 
for this work, a technique was required which would be capable 
of accurately simulating the effect of a large number of combustion 
chamber designs. Examination of the methods indicated that whilst 
METHOD ADVANTAGES DISADVANTAGES 
I. Input data a) Simple computational procedure a) Large amounts of data required 
interpolation b) Can assume various flame front for each chamber design 
profiles b) Time consuming processes in 
generating input data 
, 
II. Approximation a) Simple computational procedure a) Restricted to very simple 
formulae b) Minimum input data requirement shapes 
b) Errors can be large 
III. Numerical a) Minimum input data requirement I a) Restricted to chamber shapes 
integration b) High order of accuracy ~ossible which can be geometrically defined 
IV. :3 Dimensional a) Can be used for any combustion a) Large amounts of data required 
mesh chamber shape for each chamber shape 
b) Suited to multi-dimensional b) Large computer storage and run 
combustion models times 
c) Errors can be significant 
TABLE 6.2 
COMPARISON OF TECHNIQUES FOR THE DETERMINATION OF COMBUSTION CHAMBER/FLAME GEOMETRICAL PARAMETERS 
, 
...... 
-...J 
cr. 
all of these were far from ideal, the numerical integration method 
offered the most potential. The other methods were rejected due to 
excessive input data requirements, poor accuracy and excessive 
computer demands. 
The numerical integration technique has been used by Blizzard 
and Keck ( 24) dAd ( 80) b t th k h 1 an nnan u ese wor ers ave on y 
considered a right circular cylinder (disc type) with the ignition 
origin on the upper flat face. For this simple case, the method 
can simulate the effects of piston position, spark plug radial 
location, compression ratio, and bore/stroke ratio. 
Clearly, if this method was to be suitable for work on squish 
type chambers, modifications to the expressions would be required. 
An initial inspection revealed that many simple shapes could be 
catered for by this technique. 
Initially, the method was applied to single and double sector 
type squish chambers (i.e. with squish area between chord and 
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circumference) in addition to the disc type chamber. Later, this was 
extended to bowl in piston and hemi-spherical head designs and further 
additions were made to include for cylindrical valve recesses and a 
hemispherical spark plug recess. Finally, the spark location was 
made variable in the axial direction (in addition to the radial 
direction) and axi-symetrical dual ignition was added. 
The combustion chamber designs that can be modelled by the latest 
computer program are indicated in Figs. 6.6 to 6.8. (See 
Appendix VII for a more precise description of the range over which 
the design parameters shown can be varied). These show that there 
are ten basic combustion chamber configurations, referred to as 
types 1 to 10, the first six types corresponding to those already 
mentioned in Chapter 3 (see Fig 3.3). These ten types are really 
variations on five chamber shapes since types 4 and 5 are special 
cases of type 3 and types 7, 8 and 9 are the dual ignition versions 
of types 1, 6 and 10 respectively. 
For each of these configurations, the following parameters may be 
varied. 
a) Spark plug radial position (RS) 
b) Spark plug penetration (PH) 
c) Percentage squish area (SQ1, SQ2) 
d) Bumping clearance (Be) 
e) Bowl in piston corner or dome radius (RR) 
f) Bowl/hemispherical head offset (RSB) 
In addition, the spark plug hemispherical recess and inlet/ 
exhaust valve cylindrical recesses which may be specified are shown 
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in Fig 6.9. The valve recesses can be located anywhere on the cylinder 
head upper face and may be of specified diameters and depths. Note 
that the model assumes cylindrical rather than spherical flame 
propagation in the valve recesses. (The difference is normally small 
for typical valve dimensions). 
These recesses may be combined with the main chamber types to give 
other shapes. For example, in the case of the engine used in the 
experimental part of this study, the spark plug and valves formed 
recesses in the flat cylinder head face. By specifying cylindrical 
valve and hemispherical spark plug recesses, together with types 1 to 
6 configurations, the volume and area profiles. for this cylinder head 
are accurately determined 
other chamber shapes can also be modelled by this method and some 
of these are shown in Fig. 6.10. For example, the heart shape design 
which is common to many production engines can be approximated by 
specifying deep valve recesses combined with a flat top piston (e.g. 
Bl 'A' series) or with a shallow bowl (e.g. Ford Kent). Another 
shape of interest that can be modelled is a spherical combustion 
chamber with central ignition (not a practical design but one which 
gives greatest flame front area and is therefore ideal for comparison 
purposes). 
It should be noted that in its present form, the model, whilst 
being capable of simulating spherical flame /combustion chamber 
parameters for a large range of designs, cannot be used for wedge 
shape chambers or for shapes that do not conform to the relatively 
simple geometry indicated by Figs. 6.6 to 6.10. 
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However, the work done so far indicates that the method described 
here could be extended to include other common designs such as the 
wedge shape and to remove some of the symmetry restrictions placed on 
the model. The fact that production engine chambers of the 
concentrated squish type (types 2 to 5) tend to have a more rounded 
profile need not be restrictive since this would normally be a small 
order effect. 
The input data required by the model is shown in the program 
listing in Appendix VIII. A total of twenty values are required to 
fully specify the combustion chamber design and size. Note that 
the model calculates the total chamber height to give the correct 
compression ratio after allowing for the specified recess volumes 
and squish areas. 
6.3.3 Computational Method 
The computational method used basically involves determining 
the relationship between the flame radius and combustion chamber 
dimensions and the cross sectional area/lengths in terms of axial 
displacement. The expressions obtained are then integrated over the 
total chamber height to give the required parameters. 
Using simple trigonometry, i.e. Pythagorous Theorum, Sine and 
Cosine Rules and the nomenclature given in Fig. 6.11, we obtain the 
following equations:-
= RC • RS • sin I' ) dZ -(6.24) 
H 
Af = 2 RC • f D( dZ -(6.25) 
a 
H 
Ab = 2 RC • jf5 • d Z + Ah + A p -(6.26) 
0 
where -1 « RS2 R2 _ RC2 )/(2 RS. R)) 0<- = cos + -(6.27) 
f3 -1 «RS2 + RC 2 - R2)/(2 RS • RC)) = cos 
R = jRF2 - /' 
-(6.28) 
-(6.29) 
Vb · = Volume of Burnt Zone 
Af = Surface Area of the Flame Front 
Ab = Total Burnt Zone Wall Area 
and A are the surface areas of the Burnt Zone Wall Area p 
corresponding to the flat cylinder head and piston faces 
respectively. These values can be evaluated using 
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A = 0< • -(6.30) R2 + f3. RC2 - RS • RC • sin,B 
22222 
with the value of R being either set to RF -PH or RF -(H - PH) 
for Ah and Ap respectively. 
Equations (6.24) to (6.30) must now be solved using a numerical 
integration method. For this work, "Simpsons Rule" was used although 
several other well known techniques could have been employed. 
Basically, Simpsons rule involve3 dividing the region over which the 
function is to be integrated into any even number of equal width 
strips as illustrated by Fig. 6.12. The value of the function at each 
of the ordinates is then evaluated. The value of the integral is then 
given by:-
S/3 . [(F + L) + 4E + 2RJ -(6.31 ) 
where S = strip width = (x2 - xl)/n 
n = number of strips 
F = Value of function at first ordinate 
L = Value of function at last ordinate 
E = Sum of even-numbered ordinates 
R = Sum of remaining odd-numbered ordinates 
The proof of Simpsons Rule is given by Stroud( 85 ). The accuracy 
of the method will improve as the number of strips is increased and 
will be better for slowly varying functions. However, the computer 
requirements also increase as the number of strips are increased and 
therefore the number of strips chosen will be a compromise between 
accuracy and computer time. 
Simpson's Rule, when applied to the combustion chamber problem, 
involves dividing the total chamber height (or flame radius if 
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RF < H) into strips. The ordinate values to be determined are the 
burnt zone plan areas and the fl ame front and wall circumferential 
lengths for the bu~nt volume and surface areas respectively. Thes e 
values are shown more clearly in Fig. 6.13, and are calculated using 
the f(x) expressions in equations (6.24) - (6.26). 
The method used for simulating other chamber shapes and dual 
ignition is similar to that described for the simple disc chamber. 
However, the equations used are different and these are given in 
Appendix VII, together with a description of the method and expressions 
used for calculating cylindrical valve recess burnt volume and surface 
areas. 
A flow chart showing the main features of the solution logic us ed 
in this model is given in Fig. 6.14. Note that when possible (this 
depending on the chamber design and flame radius) exact geometrical 
formulae are used instead of the numerical integration method thus 
reducing computational time. 
As previously mentioned the number of integration strips used 
is a compromise between accuracy and computer run time. It was found 
from experience that for zero or low squish areas, about 20 strips 
were sufficient but for larger squish areas, the number of strips 
required for good accuracy (> 99. 7~)was increased above 50. For the 
results reported in this thesis, 80 strips were used to ensure accurate 
results in all cases. Typical computer time for this number of strips 
is approximately 0.25 seconds. 
6.3.4 Flame Radius Dete rmination 
The flame radius corresponding to specified burnt volume, piston 
position, engine specification and combustion chamber design is 
calculated using the computer function FLARAD. This segment is normally 
called at the end of the combustion stage calculations when it is 
necessary to determine the radius so that the flame speed, heat 
transfer surface area and initial flame radius for the next stage can 
be evaluated . In the heat release program, it is also used to 
determine the turbulent burning velocity. 
A flow chart showing the logic used in this function is shown in 
Fig. 6.15. It can be seen from this that the solution is based on 
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a simple iterative ' technique which makes use of the burnt vOlume/ 
surface area subroutine SAVOL. It should be noted that this 
technique could be used with any type of burnt volume calculation 
method (types shown in Table 6.2). Its main advantages are simplicity 
and the fact that it does not require any additional data to describe 
the chamber shape, thereby making it universally applicable. 
Basically, the solution involves estimating the flame radius, 
calculating the corresponding burnt volume and then, depending on the 
difference between this and the actual volume, adjusting the radius 
by a fixed increment. The process is repeated until a change in the 
sign of the difference between the volumes is detected, thereby 
indicating the actual radius is somewhere between the latest and 
preceeding estimates. A more accurate value is then calculated by 
using a linear interpolation. 
A radial increment of 1.0 mm is initially used (to give rapid 
convergence) and then the whole of the process is repeated using a 
smaller increment of 0.1 mm (for improved accu~acy). The amount of 
calculation required will depend on the accuracy of the initial 
estimate, ~ut this will be reasonably accurate since the radius for 
the previous step ' is known. If the initial estimate is within say 
2.0 mm, SAVOL will be called about five J.. • L.lmes. 
The accuracy of the technique, assuming no errors in SAVOL, will 
be dependent on the flame . radius/burnt volume relationship over the 
radius range at which the final linear interpolation is made. The 
worst condition would be during the early part of the flame 
propagation over which the burnt volume increases with radius to the 
third power. Specimen calculations made under these conditions show 
that the worst error at a flame radius of 10.0 mm is about 0.003 mm. 
To ensure reliab~e operation, it was found necessary to make 
two modifications to the program. 
first, at flame radii less than 1.0 mm, it is possible to get 
a condition where the radius is made negative due to the size of 
the radius increment. Therefore, if this occurred, the iteration 
is performed between zero and the previous iteration radius and the 
procedure is continued. 
The second modification is needed for large flame radii 
corresponding to burnt volumes greater than about 99.8% and is due 
to small errors in SAVoL (see Section 6. 33 ). In certain cases, 
these errors cause the predicted burnt volumes at complete flame 
propagation to be slightly less than the total cylinder volume. In 
~is event, FLARAD would continue increasing the flame radius 
indefinitely. 
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To prevent such an occurrence, the flame radius is prevented from 
exceeding the maximum possible radius. If at this radius, the burnt 
volume predicted is still less than the known volume, the radius is 
set to the maximum value and a warning is printed. 
6.4 Program Verification 
The computer simulation model CoMPSIMP described in the previous 
sections of this Chapter has been used to predict the effect of 
combustion chamber design parameters. These results are presented 
and discussed in Chapter 7. 
The purpose of this section is to present results obtained from 
the same program showing the effect of operating conditions rather 
than chamber design. There are two reasons for doing this. First, 
such results would not otherwise have been included in this thesis 
since Chapter 7 deals specifically with combustion chamber design. 
Second, it provides an opportunity for demonstrating the accuracy 
and limitations of the model (since the results can be readily 
compared with predicted and empirical results reported in the literature. 
To simplify the comparisons, a single combustion chamber design 
is assumed with the following specifications:-
184 
Shape •••••••••••••••••••••••••••• Disc (Type 1), no recesses 
Spark plug location •••••••••••••• 19 mm radial, zero penetration 
Compression ratio •••••••••••••••• 8:1 
Bore ••••••••••••••••••••••••••••• 70.0 mm 
StDoke ••••••••••••••••••••••••••• 70.0 mm 
Con rod length ••••••••••••••••••• 120.0 mm 
Due to the fairly large range of operating conditions, the effect 
of each of the parameters is demonstrated whilst maintaining all other 
parameter values fixed at a datum condition. This datum is as follows: 
Speed ............................ 2000 RPM 
Igni tian timing •••••••••••••••••• 300 BTDC 
Equivalence ratio •••••••••••••••• 1.1 (i.e. Rich) 
Volumetric efficiency ••.••.•...•• 75% 
o In addition, the cylinder wall temperature is assumed to be 440 K 
and a constant residual mass equivalent to 7% mass fraction at a 
volumetric efficiency of 75% is assumed. The values of the other 
data required are as specified in section 6.2. 
The predicted values of the cylinder pressure and burnt and 
unburnt zone temperatures during the compression and expansion strokes 
are shown in Fig. 6.16. For the assumed conditions, a maximum pressure 
of about 47 Bar occurring at about 120 ATDC is obtained. Maximum 
. 0 
temperatures are about 800 and 2500 K for the unburnt and burnt zone 
respectively. 
( 10 ,83 
These results agree well with other published data 
86 ) 
Fig. 6.17 shows the work and heat transfer rates during the same 
part of the engine cycle. The former parameter varies between 
negative and positive values of approximately 11 and 53KW respectively. 
The heat transfer rate is negligible during most of the compression 
stroke due to the small temperature difference but increases rapidly 
to a maximum of about 26 KW at 140 ATDC. These trends agree well with 
the results published by Zeleznik and McBride (86 ~ 
Figs. 6.18 and 6.19 show the variation of the flame propagation 
parameters during the combustion phase. For the assumed conditions, 
the charge is completely burnt at a crank angle of 140 ATDC. The 
volume and mass fraction curves agree with previously reported 
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r-esul ts ( 86 ) and indicate a "delay period" of about 150 • The flame 
radius at this crank angle is approximately 8 mm showing that the 
flame front is by no means stationary during the delay period. 
This can be seen more clearly in Fig. 6.19 which shows the laminar 
and turbulent burning velocities in addition to the total (or measured) 
flame speed. The laminar and turbulent burning velocities increase 
continuously during combustion whilst the total flame speed increases 
rapidly during the early phase, reaching a maximum of about 24 mls 
and then reducing steadily for the remainder. The value attained at 
the end of combustion is equal to the corresponding turbulent burning 
velocity. The reduction in flame speed during the latter part of the 
combustion process is due to the increasing burnt volume fraction 
and unburnt charge density restricting the expansion of the burning 
charge. 
Fig. 6.20 shows the effect of equivalence ratio on the combustion 
rate and exhaust emissions. Flame trsvel angles, based on the interval 
between flame radii of 10 to 50 mm and mass burn angles, basad on 
2 to 90% burnt mass fractions give very similar values with maximum 
angles at about 1.1 equivalence ratio. This agrees well with 
experimental results and is a significant improvement on the 
predictions obtained by Phillipps and Orman( 9 ) using the Mallard 
and Ie Chatelier laminar burning velocity theory. 
The effect of equivalence ratio on emissions is in good agreement 
with measured experimental values. The nitric oxide emissions, based 
on peak concentration yields a maximum concentration of about 
5300 p.p.m. at an equivalence ratio of 0.85 (approximately 17:1 air 
to fuel ratio). 
The effect of engine speed on the flame propagation rate is shown 
in Fig. 6.21. It can be seen that the flame speed, based on propagation 
between 10 and 50 mm radii, increases linearly with engine speed. The 
flame travel angles also increase with engine speed although the rate 
of increase is less at higher engine speeds. 
Fig. 6.22 indicates the effect of ignition timing on the power 
output (or i.m.e.p. or indicated thermal _efficiency) and the flame 
travel angles. This graph shows that the optimum ignition angle for 
the three parameters is different as one would expect. For the 
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power output~ the optimum occurs at approximately 280 8TOC, this angle 
being dictated by the negative compression and positive expansion 
work values. The fl ame travel angles on the other hand will be at a 
minimum when the combustion period defining the parameter is near 
to TOC due to the increased charge temperature and hence higher 
laminar burning velocity. 
The effect of ignition timing on the pressure time diagram is 
shown in Fig. 6.23. The trends predicted are as expected, showing an 
increased maximum pressure with more advanced ignition timing whilst 
with retarded ignition, a small reduction in pressure immediately 
after TOC is obtained due to the effect of the pressure delay period. 
Finally, Fig. 6.24 shows the effect of volumetric efficiency on the 
pressure time diagram. Note that a constant residual mass has been 
assumed rather than a constant residual mass fraction since this is 
more representative of real engine operation. For this condition, the 
peak pressure is increased for a larger value of volumetric efficiency 
whilst the combustion period, indicated by the peak pressure crank 
8ngle,is reduced slightly as the volumetric efficiency is increased. 
These predictions agree well with empirical observations although it 
must be emphasised that a different assumption regarding the residual 
mass could significantly affect the results. Note also that for these 
results, a constant turbulent multiplier is used rather than 8 value 
proportional to volumetric efficiency (see Section 6.2.4). 
In conclusion, the predictions obtained from the simulation 
program agree very well with theory and experimental and simulation 
results which have been reported by other workers. In particular, the 
flame propagation, ignition timing and equivalence ratio results 
suggest that the model should be sufficiently accurate for predicting 
the effect of combustion chamber design on the flame propagation and 
general performance parameters. These predictions are presented and 
discussed in the next chapter. 
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CHAPTER 7 
COMPUTER MODEL PREDICTIONS 
CHAPTER 7 
7.1 Introduction 
In the previous chapter, computer simulation models have been 
described which allow the effects of the major design variables to 
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be readily assessed. In this Chapter, predictions obtained from these 
models are presented, indicating the effect of the design variables 
on the rate of combustion and other performance parameters. In 
addition, the results presented illustrate the utility of the models 
as combustion chamber design tools. 
Previous work, reviewed in Section 1.2, has shown that a great 
deal of information regarding the overall performance of a combustion 
chamber design can be obtained from considering purely geometrical 
parameters such as burnt volume and flame surface area plots. A 
number of plots of this type generated using the geometrical model 
described in Section 6.3, are therefore presented and discussed in 
Section 7.2. 
Section 7.3 shows the effect of the chamber design on the 
combustion parameters as modelled by the simulation prograr~ COMPSIMP. 
Several "optimised" fast burn designs are compared to indicate the 
relative potential of combustion chamber design improvements on the 
weak mixture performance. 
Section 7.4 presents results which indicate the magnitude of the 
squish velocities which occur under actual firing conditions. These 
are compared to motored engine (non-firing) predictions thereby 
showing the effect of the combustion. 
A comparison between the results obtained from the simulation 
model and those obtained experimentally appears in Section 7.5. In 
addition to the experimental results obtained in this study (reported 
in Chapter 5), the experimental results reported in the literature by 
two other independent workers are also analysed. Note that this type 
of comparison is of special interest since a major assumption in the 
combustion model is that the squish velocities do not have any effect 
on the turbulence or flame profile. 
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Before presenting the results obtained from the models, it should 
be pointed out that the bore/stroke ratio and the number of cylinders 
for a given engine capacity are assumed to be constant for the purposes 
of this chapter. In fact, a "square design" giving a bore/stroke ratio 
of 1.0 is assumed. 
The reason for ignoring these parameters is that their values are 
mainly determined by other factors such as piston speed, power output, 
engine dimensions etc. However, bore/stroke ratio and the number of 
cylinders have a major effect on the combustion rate, general performance, 
emissions and heat transfer and therefore this should be borne in mind. 
It is easy to show, using simple geometrical expressions, that for 
reduced flame travel distance and chamber surface area, the bore/stroke 
ratio should be significantly less than 1, i.e. large strokes. Also, 
a large number of cylinders should be used for . minimum flame travel 
distance whilst the apposite is true for minirnum chamber surface area. 
Whilst there may be a gradual move towards smaller bore/stroke ratios 
in the coming years, the reduction is likely to be small. 
7.2 Geometrical Model Predictions 
Previous work which has been reviewed in Section 1.2 has shown 
that a guide to the suitability of a combustion chamber design can be 
obtained by considering geometrical parameters such as burnt volume 
and flame surface area. 
Basically, for good overall performance, the burnt volume during 
the early part of the flame propagation should be as high as possible 
and the flame front area/flame radius curve should be as smooth as 
possible to ensure smooth engine running. 
In addition, by plotting burnt volume and flame front araa curves 
for various chamber designs, the relative merits of each of the designs 
can be assessed. By assuming similar flame speeds for each of the 
chambers, the burnt vOlume/flame radius curves can be considered to be 
a scaled version of the burnt vOlume/time curve and hence burnt mass 
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fraction/time curves. Therefore, whilst the shape of the latter 
curves will be different, the relative order of the chambers will not 
be altered. 
Figs. 7.1 and 7.2 shows the burnt volume and flame front area plotted 
against flame radius for a disc chamber and a 50% squish area bowl in 
piston design for several radial spark plug locations. As one would 
expect for these solid of revolution designs, moving the spark plug 
from the centre (RS = 0) towards the cylinder wall reduces the burnt 
volume for a given flame radius. By comparing the disc with the bowl 
in piston, it is clear that the burnt volume is highest for the latter 
due to the steeper combustion chamber allowing the flame front to 
retain a hemispherical profile during the first half of its travel. 
The flame front area/flame radius curves show a greater sensivity 
to chamber shape since unlike the smooth burnt volume plots, large 
changes in curvature occur when the flame contacts the chamber wall or 
piston face. Whilst the maximum flame front areas are similar for 
both designs, the curves for the bowl in piston are much smoother. 
Fig. 7.3 shows the burnt volume/flame radius curves for a 50% 
sector type 5 design and a disc with dual ignition for a range of 
spark plug locations. In contrast to the previous cases, the highest 
burnt volume does not occur for central ignition but for an ignition 
location at about 15 mm from the centre for the designs being considered. 
A major improvement for the dual ignition design is that the volume 
burnt during the early combustion phase is twice that for the single 
ignition case which would result in reduced "delay" period. 
Fig. 7.4 shows the burnt zone heat transfer surface area as a 
function of flame radius for the disc type combustion chamber. The 
figures indicate the contact area between the burnt zone and the 
cylinder wall, piston crown, cylinder head and the % total surface 
area. Whilst the profile of these curves is very dependent on 
chamber design, the total surface area of the combustion chamber (at 
100% burnt volume) is less affected. 
Table 7.1 shows the total surface area of several combustion 
chambers with the piston at TDC. For the cases considered, compared 
to a cylindrical disc chamber, a 50% squish hemispherical head or 
bowl gives about a 3% reduction whilst a 50% squish cylindrical bowl 
in piston gives an 8% increase, a 50~ sector type squish results in 
a 13~ increase and a deep valve recess design gives an 11% increase. 
CHAMBER DESIGN, BORE = STROKE = TOTAL S~RFACE % CHANGE 
70 mm, COMPRESSION RATIO = 8:1 AREA cm REL' TO DISC 
DISC CHAMBER 98.96 TYPE 1 -
50% SQUISH B.I.P. 
TYPE 6 107.21 + 8.34 
WITH CYLINDRICAL BOWL 
50% SQLjISH HEMISPHERICAL HEAD 95.62 - 3.38 TYPE 10 
50% SQUISH SECTOR 111. 56 +12.73 TYPES 4 OR 5 
50% SQUISH VALVE RECESS DESIGN, 109.96 +11.12 35 mm OrA. x 10 mm DEEP RECESSES 
TABLE 7.1 COMPARISON OF TOTAL SURrACE AREA AT TDC FOR SEVERAL 
COMBUSTION CHAMBER DESIGNS 
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To reduce heat losses and hydrocarbon emissions, the surface area 
should be reduced to a minimum. Although the differences between the 
chambers would be reduced as the piston moves away from the TDC position, 
it is clear that a disc or hemispherical type design is more desirable 
than the concentrated squish designs. (Note that this simple analysis 
does not take into account the effect of squish velocities and thermal 
quench layers). 
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Of the four designs considered so far, assuming optimum spark 
plug positioning, the dual ignition disc chamber would give the highest 
combustion rate with the "bowl in piston in second place. However, 
other parameters such as the percentage squish area, pumping clearance, 
compression ratio and spark plug axial location would tend to alter 
the relative merits of each type of combustion chamber. The effect 
of these parameters including their interaction are shown in Figures 
7.5 through 7.12. 
Figure 7.5 illustrates the effect of spark plug axial location for 
a 50% B.I.P. design with central ignition. For this case, increasing 
the spark plug projection increases the burnt volume for a given flame 
radius. However, it should be noted that this is an ideal case for 
increased spark plug projection due to the deep bowl ( c 18 mm) and 
the central ignition. For offset ignition or reduced squish area, 
the effect would have been reduced. For a disc chamber for example, 
the effect is negligible except at very small flame radii where a small 
improvement occurs. Generally, the spark plug projection would be 
determined by other factors such as electrode temperature, avoiding 
quench zones etc. 
Figure 7.6 shows the importance of bumping clearance for the same 
chamber design. It can be seen that increased bumping clearance reduces 
the burnt volume at the larger flame radii. Whilst large bumping 
clearances greatly affect the burnt volume, small increases in the 
normal range of 1 to 2 mm would be less significant. The effect of 
bumping clearance at crank angles other than TOC would be less than that 
indicated by Fig. 7.6. 
The graphs presented so far have assumed that the piston is at 
TOC. Fig. 7.7 shows that the piston movement can cause substantial 
increases in the flame radius to achieve a given burnt volume. 
However, it should be pointed out that the central ignition B.I.P. 
case shown would be more affected by piston position than say a disc 
chamber or a B.I.P. with offset ignition. 
Therefore, whilst analysing the burnt volume and flame front 
surface area curves at TOC is a reasonable approach, the effect of 
piston movement should not be completely ignored. However, the piston 
movement prior to ToC would not normally affect the analysis whilst for 
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M.B.T. ignition timing, the combustion would normally be completed at 
about 120 ATDC where the piston movement is almost negligible. 
It is clear from Figs. 7.1 through 7.7 that it is difficult to 
compare combustion chambers directly using burnt volume versus flame 
radius plots due to the large effect of spark plug radial location. 
Therefore, to allow comparisons to be more readily obtained, it was 
arbitarily decided to compare the designs based on the flame radius 
at which 80% burnt volume is achieved. Whilst such a criterion is 
not ideal due to the variation in burnt VOlume/flame radius profiles, 
it does give a reasonable indication of the relative merits of the 
designs being considered. 
Figures 7.8 through 7.12 all use this criterion. The effect of 
spark plug radius for six different designs is shown in Fig. 7.8, 
indicating that the dual ignition designs with optimum ignition timing 
give the minimum value of flame radius and hence the fastest combustion. 
Figures 7.9 to 7.11 show the effect of squish area coverage for 
different values of spark plug radial position and for four different 
chamber designs. It can be seen that the amount of squish area which 
results in minimum flame radius is in the range of 40 to 65% in all 
cases, this amount of squish area being typical of production engine 
combustion chambers. 
The interaction between squish area and spark plug radius is shown 
by the minima locus drawn on Figs. 7.9 and 7.10. This shows that the 
"optimum" squish area increases with spark plug radius. 
The effect of increasing the squish area coverage is a fairly 
gradual change for squish areas between zero and the "optimum" with 
a much greater rate of increase at values above 60% due to the 
undesirable increase in chamber height. The hemispherical head 
designs shown in Fig. 7.11 are the least sensitive of those considered 
to increased squish area between zero and about 50% but have the 
largest rate of increase in the range above 60%. The reason for this 
is that the spark plug to piston crown height is greater for the 
hemispherical head which makes increases in chamber heights less 
desirable than for many other types of chamber. 
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The effect of compression ratio on the radius for 80% volume 
burnt is shown in Fig. 7.12 for a dual ignition B.I.P. design. This 
graph shows quite clearly that the "optimum" squish area is increased 
as the com~ession ratio increases as one would expect since the 
controlling factor is the chamber height which is less for higher 
compression ratios. 
May "Fireball ,,( 62 
This type of graph helps to understand why the 
) combustion chamber combines a large squish area 
with a high compression ratio. 
To conclude this section, it has been shown that the factors 
mainly affecting the burnt volume and flame front area are the spark 
plug radial location, the chamber shape and the squish area. There is 
a very strong interaction between design parameters which suggests that 
an iterative approach is needed to obtain an optimum chamber design. 
The optimum amount of squish, based purely on geometrical considerations 
(i.e. ignoring squish velocities, quench layers, detonation etc) is 
dictated by the need to make the chamber depth approximately equal to 
its effective radius, i.e. to make it more compact. The squish area 
to achieve this is normally in the region of 50%. However, a reduction 
in compression ratio, bore/stroke ratio, spark plug radius or 
projection would reduce the optimum amount. 
7.3 Combustion Model Predictions 
7.3.1 Introduction 
The effect of combustion chamber design parameters on the flame 
front area and burnt volume has been described in the previous section. 
In this section, predictions showing the effect that these parameters 
have on the combustion rate and other performance variables are 
presented. The predictions presented have been obtained using the 
computer simulation model COMPSIMP described in Chapter 6. 
To allow comparisons to be made, the engine parameters and 
operating conditions have been maintained at fixed values for the 
majority of the predictions. The values chosen were as follows: 
Engine 
80 re ••••••••••••••••••••••••••••••••••••••• 70 mm 
stroke ••.•..••••..••••.••.•.••••••..••••••• 70 mm 
Con Rod Length •••••••...••.••...••.••...••• 120 mm 
Compression Ratio ••.........•...•.........• 8.0:1 
I.V.C./E.V.O ••••••••••••••.•.•.•••••••.•••• 420 ABDC/42° BBDC 
Operating Conditions 
Engine Speed 2000 RPM 
Ignition Timing •••••••••••••••.•••.••.••••• 300 BTOC 
Equivalence Ratio ••..................... 0 •• 1.1 
Volumetric Efficiency •••••••.••••.••••••••• 75% 
Residual Gas Mass Fraction ••••••••••••••••• 7% 
Atmospheric Pressure •••••.•..•••••••...•••• 1.0 Bar 
Atmospheric Temperature ••••.••.•••••••••••• 292 K 
R8lB~ive Humidity •••••.•••••••.•••.•••••••• 0.7% 
7.3.2 Effect of Combustion Chamber Design Parameters 
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In this subsection, results are presented to show the effect of 
the major combustion chamber design parameters. In most cases, these 
results can be compared directly with those presented in the previous 
section. 
Figures 7.13 and 7.14 show the predicted effect that spark plug radial 
location has on the cylinder pressure diagram for the disc and 
bowl in piston design respectively. It can be seen that moving the 
spark plug towards the ~ylinder wall (i.e. increasing RS) reduces both 
the peak pressure and peak rate of pressure rise. Also the crank 
angle at which these maximum values occur increases with increasing 
values of RS. 
Ricardo( 1 ) has shown that for high efficiency, the pressure rise 
rate should not exceed about 2.4 Bar (35 p.s.i.) per degree at 2000 RPM. 
The work of Janeway ( 4 ), and Taub (54 ) has indicated that to avoid 
engine "roughness", the rate of pressure rise (dP/d9) and the rate of 
change of pressure rise rate (d2P/d92 ), shOUld be kept as low as 
possible. Therefore, taking these factors into account, it is clear 
that central ignition, whilst giving a high combustion rate, would 
probably result in a very rough running engine of less than 
optimum efficiency (at the assumed operating conditions). 
Comparing the two designs, the bowl in piston clearly gives the 
highest rate of combustion for any given value of RS. However, the 
bowl in piston also gives the highest values of dP/dG and d2P/dG2• 
212 
To achieve maximum pressure rise rates of about 2.5 Bar/deg, the 
radial spark plug position would be about 10 mm for the disc and about 
20 mm for the B.l.P. However, for the conditions considered, the ignition 
timing of 300 BTOC is slightly over advanced. This would increase the 
pressure rise rate. An optimised ignition timing would therefore 
reduce the rise rate which in turn would allow more central locations 
to be considered. Note also that the B.l.P. would require less 
ignition advance than the disc chamber. 
It must be emphasised however that the computer model would tend 
to over-estimate the peak pressure rise rate since a spherical flame 
front is assumed. In practice, distortion of the flame front would 
tend to smooth out the high rates of change of pressure rise which 
occur with the central ignition cases shown. 
figures 7.15 and 7.16 show burnt mass fraction plotted against 
crank angle for four chamber designs and four values of spark plug 
radial location. These graphs confirm the previous results by 
showing that the spark plug location has a major effect on the rate 
of combustion. for the solid of revolution type 1 and 6 designs, 
central ignition gives the faster combustion rate as expected, the 
difference between central and side ignition being about 18 degress 
at the end of combustion (100% burnt mass fraction). Fig. 7.15 also 
shows that the shape of the curves is different for the disc and 
B.l.P. designs, the disc giving the highest mass burn rate at the 
end of the combustion period. 
fig. 7.16 shows that for a sector type squish design and dual 
ignition disc chamber, a spark plug radial location of about 10 mm 
would give the faster rate overall. A larger value of RS would give 
the fastest rate during the early part of the combustion process and 
it is clear from this graph that unlike the previous cases, the 
optimum spark location is more of a compromise. 
Comparing the four designs, it can be seen that the dual ignition 
design gives the highest combustion rate with the B.I.P. in second 
place. These results agree qualitatively with the geometrical 
results presented in Figs. 7.1 through 7.3. 
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Fig. 7.17 indicates the effect of squish area on both the pressure 
and burnt mass fraction curves for a B.I.P., central ignition, design. 
This shows that the fastest combustion rate is achieved with a 
squish area of about 60%, whilst a large squish area of 80% results 
in a large decrease in combustion rate. As expected, a squish area 
of about 60% gives a substantial improvement in the combustion rate 
during the first half of combustion. 
The effect of compression ratio on the pressure and burnt mass 
fraction curves is indicated by Fig. 7.18. This graph shows that 
compression ratio has a large effect on both the cylinder pressure 
and burnt mass fraction. For example, increasing the compression 
ratio from 8:1 to 10:1 results in about a 3 degree reduction in the 
combustion period and 15 Bar increase in maximum cylinder pressure. 
The graphs presented so far have been plotted against crank 
angle, showing the variation in the parameters during the combustion 
phase. However, this type of pres~ntation is not ideal for indicating 
the effect of design parameters or for comparing chamber designs. As 
with previous results, it is better to plot specified performance 
parameters against the design parameters. Such plots are shown in 
figures 7.19 through 7.21. 
The first two of these graphs shows the effect of spark plug 
radial location for sev~n chamber designs. Fig. 7~19 indicates the 
effect on the 50% burnt mass fraction crank angle, confirming the 
optimum spark locations discussed previously. The graph shows that 
the fastest rates of combustion are achieved using dual ignUion with 
the S.I.P. giving the fastest rate of combustion for all seven chambers. 
Considering only the single ignition designs, the bowl in piston has 
the fastest combustion rate for spark plug radii less than about 
15 mm with the sector type squish design being best for larger values 
of RS. 
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Fig. 7.20 shows the effect of the same variables on the maximum 
pressure rise rate. It can be seen that whilst in general, chambers 
giving the highest rate of combustion have the highest pressure rise 
rate, this is not always the case. Also, the dual ignition designs 
have the higher pressure rise rates in most cases. A chamber design 
worthy of special comment is the dual ignition hemispherical head which 
has the second highest rate of combustion but a relatively low pressure 
rise rate for spark plug radii of less than about 20 mm. 
The effect of squish area and chamber design on the rate of 
combustion is shown in Fig. 7.21. Since increasing the squish area 
tends to improve the combustion rate during the early part of the process 
and reduce the rate during the latter part, both 50% and 90% burnt 
mass fraction crank angle values are plotted. 
This graph shows that the amount of squish area resulting in 
minimum mass burnt crank angle is in the range of 40% to 60% based 
on 50% burnt mass whilst squish areas 0f about 20% to 60% give 
minimum crank angle at 90% burnt mass. It is clear that the bowl in 
piston arrangement is the most suited to large amounts of squish area 
with the hemispherical head preferring no squish area. The dual ignition 
bowl in piston gives the highest combustion rate of all the five designs 
considered with the sector type squish being the slowest. The results 
of Fig. 7.21 are in good agreement with the geometrical results of 
Figs. 7.9 through 7.11 presented earlier. 
7.3.3 Comparison of Specific Combustion Chamber Designs 
In the previous sub-section, results were presented showing the general 
effect of combustion chamber design parameters. However, it should be 
emphasised that the design parameters are highly interactive such that 
an optimum design can only be chosen by using an iterative approach. 
For example, the optimum squish area is affected by spark plug 
location, chamber shape, compression ratio, bore/stroke ratio etc. 
In a real engine, the spark plug cannot be located anywhere within 
the chamber due to valves, squish areas etc and its position is 
constrained by other considerations such as residual gas scouring, 
electrode cooling etc. Also, the compression ratio is limited by 
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detonation and fuel octane requirement considerations although 
it should be noted that the chamber design can have a considerable 
effect on the highest usable compression ratio. The chamber shape 
is also dictated by the overall engine design such that valve 
positions and orientation may restrict the chamber shapes that can 
be considered. 
Bearing these points in mind, five chamber designs have been 
selected for the purpose of a comparison to indicate the relative 
merits. The specification of the five designs is shown in Table 7.2. 
The disc chamber was chosen since it is the simplest shape whilst 
the sector typ8, 30% squish design is typical of many production 
engines. Three fast burn designs consisting of a 50% squish B.I.P., 
together with a dual ignition disc and a dual ignition, zero squish 
area hemispherical head arrangement complete the range of designs. 
A compression ratio of 9:1 has been chosen since this is typical 
of present day production engines. Although higher compression ratios 
may be possible with lean mixtures and increased combustion chamber 
compactness, pressure to decrease the lead content and hence octane 
rating will tend to offset such increases. 
Spark plug radial positions of 10 mm have been specified for all 
the chambers with the exception of the sector type squish design where 
20 mm has been chosen. The reason" for using 10 mm is that it is possible 
to achieve this value in practice whereas a more central position would 
be difficult to achieve due to the position of the valves. Also, it 
has been shown that a c~ntral position is not desirable due to the 
high rates of chango of pressure and pressure rise rates which would 
cause unacceptable levels of roughness. A value of 10 mm is about 
optimum for the dual ignition cases although in practice it may be 
necessary to use slightly larger " values of RS. A value of 20 mm was 
chosen for the sector type since for this design, the valve positions 
are more restricted and would need to be moved towards the spark plug 
side of the chamber. 
The five chamber designs have been designated by the letters A to E 
to permit easy recognition of results. Before presenting results 
comparing the chambers under typical operating cond~ions, it must be 
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CHAMBER DESIGN A B C D E DESIGNATION 
CHAMBER TYPE 1 5 6 7 9 
(See Fig. 6.6- DISC SECTOR B.I.P. DISC HEMI' HEAD 
6.8) 
SQUISH AREA 0 30 50 0 0 SQ % 
TYPE OF SINGLE SINGLE SINGLE DUAL DUAL IGNITION 
SPARK PLUG RADIAL 10 20 10 10 10 LOCATION RS mm 
SPARK PLUG AXIAL 4 4 4 4 4 LOCATION PH mm 
BUMPING CLEARANCE 1.0 1.0 1.0 
- -BC mm 
COMPRESSION RATIO 9.0 9.0 9.0 9.0 9.0 CR 
BOWL RADIUS 
RR mm 
- -
5.0 
- -
BOWL AXIS TO SPARK 10 PLUG - - - -RSB mm 
VALVE AND SPARK NONE NONE NONE NONE NONE PLUG RECESSES 
BORE mm 70 70 70 70 70 
STROKE mm 70 70 70 70 70 
TABLE 7.2 SPECIFICATION OF COMBUSTION CHAMBERS USED FOR COMPARISON 
emphasised that the chambers are not "optimised" designs but have 
been chosen because they represent different alternatives which are 
practically suitable and are sufficiently different to show the 
importance of chamber shape. In practice, an optimised design can 
only be achieved by knowing all the constraints and by considering 
the full range of operating conditions. 
Fig. 7.22 shows the relative performance of the chamber designs 
in terms of the cylinder pressure and burnt mass curves. The upper 
~plot reveals that the dual ignition designs (0 and E) give the 
highest pressures although the bowl in piston (C) also results in a 
significant increase over the disc (A) and sector chambers (B). 
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The burnt mass fraction plot shows good agreement with the pressure 
diagram and indicates that the combustion period for the dual 
ignition designs is approximately 50 faster than for the disc and 
sector whilst the bowl in piston is about 30 faster. The sector designs 
give a slight improvement over the disc chamber during the main 
combustion period but requires longer to consume all 
to the increased spark plug radii. 
the charge due 
Figures 7.23 and 7.24 show the effect of chamber design over the 
range of equivalence ratios. Note that a constant ignition timing of 
300 is assumed throughout(this being over-advanced except for the 
weak mixtures range). The plot of maximum pressure agrees with the 
previous graph regarding the relative effect of the chambers. The plot 
of pressure rise rate shows that the dual ignition disc results in the 
highest rate of about 5 Bar/deg at an equivalence ratio of 1.1. 
Although the pressure r~se rate with dual ignition would be too h~h 
for engines operating on slightly rich mixtures, it can be seen that 
the pressure rise rate at weak mixtures for this design is of the 
right order. 
Fig. 7.24 shows the predicted crank angles for 50% and 90% burnt 
mass fractions over a range of equivalence ratios. This graph shows 
that the dual ignition hemispherical head has the highest combustion rate. 
o For the same crank angle of 360 for 50% burnt mass fraction the 
difference in equivalence ratio between the designs varies from about 
0.77 to 0.91 ( 19.1 to 16.2 air to fuel ratio). This suggests that 
the fast burn designs shOUld be much more suitable when operated at 
lean mixtures. 
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Fig. 7.25 shows a plot of indicated power output versus ignition 
timing for the five chamber designs. This graph reveals that the fast 
burn designs require less ignition advance for maximum power output, 
i.e. fast burn results in smaller M.B.T. settings. As shown by the 
graph, the dual ignition hemispherical head requires least ignition 
advance at 21 0 BToC with the single ignition disc chamber needing 
250 advance. 
Although the difference is only 40 for the 0.95 equivalence ratio, 
2000 RPM case being considered, this is still significant since the 
difference should be greater at weaker mixtures and higher engine speeds. 
Reduced ignition advance is a very important requirement for lean burn 
engines since, due to the higher charge temperature, the charge is more 
readily ignited. This effect has been shown by Quader ( 6 ) and as 
a consequence, the fast burn designs should have a reduced probability 
of complete misfire (i.e. no ignition). 
Fig. 7.25 also reveals the difference in power output between the 
five chambers. It can clearly be seen that whilst the difference 
between designs A to 0 is small, the hemispherical head (design E) 
is sUbstantially better. In terms of percentage improvement, design E 
is approximately 5% better than designs A and Band 4% better than C 
and O. 
The main reason why the hemispherical head is superior to the 
other designs is mainly due to the fact that the heat losses are much 
less as a result of the reduced chamber surface area. (A comparison 
between surface areas for several designs has been presented in 
Table 7.1). A second, less significant reason is that the peak power 
output is increased slightly as the combustion rate is increased (at 
the specified operating conditions) as peoved by the results for the 
single and dual ignition disc designs. 
Table 7.3 compares the performance of the five chamber designs at 
o 
a fixed ignition timing of 30 and at M.B.T. ignition timing. The 
operating conditions are for an engine speed of 2000 RPM, equivalence 
ratio of 0.95 and 75% volumetric efficiency. 
Examining the cylinder pressure results, it can be seen that the fast 
burn designs (C,o,E) give the highest pressures with design B being the 
lowest. At M.B.T., the maximum pressure occurs at about 120 AToe, this 
PARAMETERS UNITS IGNITION TIMING SET AT FIXED IGNITION TIMING SET AT MINIMUM 
1 VALUE OF 30° BTDC ADVANCE FOR BEST TORQUE (M.B.T.) 
--I 
J:> 
co 
r 
A B C D E A B C D E ! 
I 
r1 
-.J 
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s 
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::0 
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figure agreeing well with experimental observations. The pressure rise 
o 
rates are less at M.B.T. than for the over-advanced 30 case as 
expected, the highest value being 3.95 Bar/Deg for the dual ignition 
disc. 
The maximum burnt gas temperatures are predicted to be in the 
region of 2500 K, the fast burn designs showing a small increase. The 
charge temperatures at exhaust valve opening (E.V.o.) are interesting 
since apart from design E, the differences are negligible. It had been 
expected that the fast burn designs would have had lower temperatures 
but it would appear that the effect of the faster combustion is offset 
by the higher peak gas temperature. Design E has 8 higher charge 
temperature at E.V.D. due to the reduced heat losses as discussed 
earlier. 
The crank angle from ignition to reach 2%, 50% and 90% burnt mass 
fraction is shown in the next three rows. The predictions show that 
the dual ignition designs have the fastest combustion rate at both 
fixed and M.B.T. ignition timing. As expected, reduced ignition 
advance tends to increase the combustion rate. 
The flame travel angles for 10 mm and 30 mm flame radii are also 
shown in the table. These predictions suggest that the flame speed 
is slightly lower for the chambers having the greatest mass burn 
rates. However, it must be emphasised that the differences are very 
small and could partly be accounted for by both program errors (note 
that 20 crank angle intervals were used) and interpolation errors. 
other factors which would account for the differences are the different 
charge temperatures affecting the laminar burning velocity and the 
increased unburnt gas density with the fast burn designs (and in 
particular with the dual ignition chambers) which reduce the burnt gas 
expansion. 
Comparing the heat transfer rates from the charge to the chamber 
walls, it can be seen that the dual ignition hemispherical head chamber 
offers a 20% reduction from about 2.35 KW to 1.83 KW at M.B.T. This 
reduction is mainly due to the reduced heat transfer surface area and 
is largely responsible for the 5% improvement in thermal efficiency 
discussed earlier. 
Finally, the peak nitric oxide concentrations predicted by the 
model indicate that due to the higher burnt gas temperatures, the 
fast burn designs would have the highest NO emissions, although the 
differences are quite small (circa. 7%). In terms cf indicated 
specific nitric oxide, the differences are almost negligible. 
7.4 Fired Engine S~ish Velocity Predictions 
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Appendix IV gives details of previous work which has been reported 
on the prediction of squish velocities in non-fired motored engines. 
Theoretical squish velocities are presented showing the effect of the 
important parameters such as squish area, bumping clearance and chamber 
shape. 
Although previous researchers have investigated the effect of 
variables such as gas inertia, friction and heat transfer, the work 
on this subject appears to have been restricted to the case of non-
fired motored engines only. One reason for this is the fact that 
velocity measurements are difficult to achieve in fired engines and as 
such, squish velocities h2ve only been measured in motored engines. 
Therefore, motored engine prediction formulae have been derived so that 
comparisons between the measured and predicted velocities could be 
made. 
A second reason may be that squish velocities are more difficult to 
predict for fired engines. However, considering the importance of 
knowing the magnitude of the squish velocities, it does seem curious 
that no attempt has been made (to the authors knowledge) to determine 
the effect that combustion has on the motored values. 
The motored and fired engine squish velocities will be different 
due to the large density variation in the latter case. As the charge 
is burnt, the increase in temperature causes the gas to expand, 
compressing both the unburnt and previously burnt fractions. If the 
normal case is considered where combustion is occurring in the main 
part of the chamber away from the squish zone, the expanding gas will 
compress the charge in the squish zone producing a reverse squish 
motion. 
Although it is possible to accept this effect qualitatively, 
the magnitude of the differences between the motored and fired 
velocities is required to be determined before the importance 
of this effect can be evaluated. To allow this to be done, an 
algorithm was added to the simulation model to compute the squish 
velocity for the simplest case of the bowl in piston with central 
ignition. Details of the equations used have been presented in 
Section 6.2.5. Typical results obtained from this algorithm are 
presented in the remainder of this section. 
222 
The variation of the predicted squish velocities over a range of 
crank angles either side of TDC is shown in Figures 7.26 through 
7.28 for a 50% squish area bowl in piston design. The first two 
of these figures shows the effect of ignition timing on the predicted 
velocities for the two cases of rich (fig. 7.26) and weak (fig. 7.27) 
combustion. 
It can be seen that following ignition, the predicted fired engine 
squish velocity is equal to the motored velocity for about 16 degrees 
before significant differences can be detected. This is due to the 
effect of the pressure delay period where the pressure rise due to 
combustion is negligible. The agreement between the fired and 
motored predictions during the pre and post combustion periods verifies 
the accuracy of the approximate fired engine algorithm. 
During the combustion phase, the squish velocities are either 
reduced or made more negative (i.e. increased reverse squish) by the 
action of combustion. Over-advanced ignition causes the magnitude of 
the peak forward squish velocity to be reduced, the peak occurring 
earlier in the cycle. Retarded ignition on the other hand has negligible 
effect on the forward squish velocity but greatly increases the 
magnitude of the reverse squish velocity. Comparing the results of 
Fig. 7.26, an ignition timing of 20 0 BTDC more than doubles the peak 
reverse squish velocity. 
It is clear from Figs. 7.26 and 7.27 that the theoretical squish 
velocity in a fired engine is highly dependent on the ignition timing. 
Advanced timing reduces the forward squish velocity whilst retarded 
timing greatly increases the magnitude of the reverse squish. However, 
since production engines are required to operate at about the M.B.T. 
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ignition setting, it is of special interest to determine the combustion 
effect at the M.B.T. value. 
This is shown in Fig. 7.2B for an equivalence ratio of 0.75. The 
hatched area indicates the difference between the motored and fired 
engine model predictions. It can be seen that at M.B.T., the reduction 
in peak forward squish velocity is small whereas the reverse squish is 
greatly increased to about twice the forward squish magnitude. Also 
to be noted is the position of the zero squish velocity point which 
is displaced from TOC to about 40 BTOC by the combustion. 
The effect of combustion on the squish velocity for several other 
operating conditions and squish areas was also investigated and it was 
found that the trends were similar to those already presented. In all 
cases when the timing was set at M.B.T., the combustion effect was 
similar to that shown in Fig 7.28 with only a negligible difference in 
the forward squish velocity. 
To summarise these results, it is clear that combustion can 
have a significant effect on the squish velocities, the forward 
velocity being reduced and the reverse squish being increased. Since 
this effect is very dependent on the ignition timing, one would expect 
the burning velocity versus ignition timing relationship to be different 
for a squish chamber than for a disc chamber providing the squish 
velocity does affect the turbulence. 
Although the results presented have been restricted to a 
symmetrical bowl in piston chamber design, the trends should be similar 
for most other chamber shapes. An exception would be if the burnt 
zone was situated in the squish area, giving the opposite effect of 
increasing the squish velocity. However, this would not normally 
occur until after T.D.C. and would not significantly affect the main 
combustion phase. 
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7.5 COMPARISON BETWEEN PREDICTED AND MEASURED RESULTS 
7.5.1 Introduction 
The purpose of this section is to compare the predicted effect 
of combustion chamber design with experimental observations. The 
intention here is to verify the accuracy of the computer simulation 
model COMPSIMP with regard to the assumptions made concerning the 
effects of combustion chamber shape. Results verifying the accuracy 
of the model in predicting the effects of engine operating conditions 
for a disc chamber have been presented in Section 6.4. 
In addition to a comparison between the computer predictions 
and the experimental results obtained in this study, fUrther compari-
sons are made using experimental results reported by two other workers. 
Using the additional results reported in the literature for two 
different engine designs has the advantage that it extends the com-
paris on to other chamber and engine designs. Apart from increasing 
the amount of data and so reducing the probability of errors, this is 
important in that it helps to cover the possibility of parameter 
interaction distorting the conclusions. 
7.5.2 Comparison With Experimental Results Obtained 
In This Study 
Table 7.4 shows the range of experimental designs simulated 
together with the predicted effect on the combustion and performance 
parameters. It can be seen that in addition to the seven chambers 
designs, an additional set of results is included to indicate the 
effect of a 5% increase in turbulence intensity. 
The results show that in all cases, the maximum cylinder pressure 
is higher than that for the datum chamber, the largest increases being 
34% and 16% for the increased compression ratio and central ignition 
designs respectively. The crank angle at which the maximum pressure 
occurs is reduced most by the central ignition (7 0 ) with the large 
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squish area and high compression ratio chambers giving about a 40 
reduction. The maximum pressure rise rate is predicted to be greatly 
increased by the combustion chamber modifications with a maximum 
increase of 91% for the central ignition location. 
The delay angle, gd' is in general only slightly reduced by the 
changes in design with the exception of the higher compression ratio 
where a 9% reduction occurs. These trends agree well with the 
experimental observations shown in Tables 5.4 through 5.8. In contrast 
to the small variation in delay angle, the burn angle, gb' is increased 
by up to 36% (central ignition) by the modifications. The bowl in 
~iston and large squish area type 3 squish designs give 15% and 18% 
increases in gb with the small area squish type 2 and 4 designs 
producing negligible improvement. 
The flame travel angles over the first 10 mm of flame propagation 
are predicted to be reduced slightly by the modifications with a much 
larger reduction of 8% for the 10:1 compression ratio case. Simil~r 
trends are predicted for the flame travel angle over the range 10 mm 
to 50 mm. Note that a 5% increase in turbulence intensity does not 
necessarily result in a 5% increase in flame speed due to the 
expansion effect of the burnt charge. 
Finally, the indicated power output predictions indicate that 
this parameter is not greatly affected by the chamber shape or the 
spark plug location. The design parameter having a substantial 
effect however is compression ratio with the increase from 8:1 to 
10:1 resulting i~ an 8% increase in indicated power output (or 
i.m.e.p. or indicated thermal efficiency). 
Of the combustion chamber arrangements compared in Table 7.4, 
it is clear that the high compression ratio and central spark plug 
location result in the greatest improvements overall with the large 
squish area designs giving smaller but still significant increases 
in combustion rate. The small squish area type 2 and 4 designs have 
negligible effect overall. 
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The 5% increased turbulence intensity is predicted to have a 
relatively small effect relative to the more dominant design 
modifications, giving a small improvement in all of ~e parameters. 
However, although the changes are not large, they are significant 
and would be detectable in an experimental study of the type 
performed in this work. This suggests therefore that an increase 
in turbulence intensity of approximately 5% or more due to combustion 
chamber generated charge motion (e.g. squish) should produce increases 
in the flame speed and combustion rate which can be readily measured. 
The predictions shown in Table 7.4 agree fairly well with the 
experimental results which have been reported in Chapter 5. To allow 
a direct comparison to be made between predicted and experimentally 
observed trends, Table 7.5 has been compiled. This shows the changes 
in the more significant parameters relative to the datum or disc 
chamber for the six modified combu~tion chambers. Note that the 
results are presented as changes relative to the datum rather than 
in absolute values since exact agreement does not exist between the 
predicted and experimental results for the datum chamber due to the 
empirical modelling constants having been based on giving good 
agreement over a large range of operating conditions. Although it 
would have been possible to change the constants to obtain much 
better agreement, the relatively small differences would not have 
justified this change. 
Note also that the predicted results are based on same operating 
conditions as for the experimental results, the latter having been 
obtained from Tables 5.4 to 5.8. 
Comparing the results, it can be seen that in general, the 
agreement is good with the correct trends being predicted in all 
cases except three (out of a total of 24). The three cases all occur 
for the concentrated sector type squish designs with the 15% type 2 
and 4 designs predicting about a 4% reduction in burn angle compared 
to a 0.6% and 5.4% increase respectively by experiment and the type 3 
design predicting a 4.5% increase in maximum pressure against a 4.3% 
reduction from experiment. 
EXPERIMENTAL CHAMBER MAX.CYL. MAX. PRES. MAX.PRES. DELAY (2%) BURN (90% 10 mm FLAME 50 mm FLAME INDICATED 
CHAMBER DESIGN REF.No. PRESSURE CRANK RISE ANGLE -2%)ANGLE TRAVEL TRAVEL POWER oUT-
See A ANGLE RATE 11 ANGLE ANGLE PUT 
TABLE 3.1 P BAR Gp DEG BAR/DEG P Gd DEG Gb DEG G10 S DEG G5o ,lo DEG KW , 
8:1 CR Disc ]. 46.44 374.0 1.7 18.3 24.1 IB.7 23.3 3.859 Type 1 
15% V Type 6 47.37 , 374.0 2.55 18.0 23.7 IB.5 23.0 3.B62 Squish Type 2 +2%* +50% +1.7% 
48% Sector 17 48.51 369.5 2.95 17.B 19.7 18.3 22.B 3.815 Squish Type 3 +4.5% +74% +18.0% 
, 15% Sector 46.64 2.05 24.0 ! 14 374.0 IB.3 IB.2 23.4 3.B55 I 
+0.4% +21% +0.4% 
I 
Squish Type 4 
. 
47% Bowl In 16 49.24 370.5 2.75 18.0 20.4 IB.3 23.3 3.866 Piston Type 6 + 6% +62% +15.0% 
8:1 CR Disc 53.96 3.25 15.4 With Central 2 
+ 16% 367.0 +91% IB.3 +36.0% IB.5 N/A 3.B6B Igni tion 
10:1 CR Disc 3 62.3 370.5 2.9 16.9 22.3 17.2 21. 3 4.165 Type 1 + 34% +71% +9 % + 7.5% +B % +9 % + B% l REF No. 1 With 47.34 2.0 23.0 22.5 5% Increased 1 373.0 18.0 IB.o 3.874 
Turbulence + 2% +18% + 5.0% + 3.4% 
- - --- ---
_ L-_____ ~ ___ ~_ .. _ 
-----~--
* : Figures Indicate Percentage Improvement Relative To Disc Chamber Ref. No. ]. 
TABLE 7.4 PREDICTED PERFORMANCE OF EXPERIMENTAL COMBUSTION CHAMBER AT 2000 RPM. 75% VOLUMETRIC EFFICIENCY AND 1.13 EQUIVALENCE ~ 
RATIO ~ 
EXPERIMENTAL CHAMBER EXPERIMENTAL MAX. CYLINpER MAX. MAX. BURN (90% - 2%) 
COMBUSTION REFERENCE AND SPECIFIED PRESSURE P PRESSURE PRESSURE ANGLE Qb 
CHAMBER NUr~BER (E AND p) % INCREASE CRANKANGLE g RISE RATE t:.p % REDUCTION 
DESIGN (SEE IGNITION RELATIVE TO REDUCTION REL~ % INCREASE REL. REL. TO DISC 
TABLE 3.1) TImNG DISC (Ref. TO DISC (REF. TO DISC (REF. (Ref. No.1) 
(DEC BTDC)/ No.1) No.1). DEG No.1) 
VOLUMETRIC ! EFFIC IENCY (%) E p E P E P E p 
15% V Squish , 6 30/85 1.2 0 -1.5 -1.0 30 -0.6 4.0 Type 2 -
15% Sector 
Squish Type 14 30/85 0.8 0 -1.0 -0.5 - 11 -5.4 3.5 
4 
48% Sector 
Squish 17 30/75 -4.3 4.5 2.6 4.5 18 74 12.2 18.0 
Type 3 
47% Bowl In 
Piston Type 16 30/75 8.3 6.0 3.1 3.5 35 62 10.0 15. a 
6 
8:1 CR DISC 
With Central 2 40/85 6.4 4.0 1.8 4.0 24 72 6.9 30.0 
Ignition 
10:1 CR DISC 3 20/85 28.3 32.0 5.1 4.0 57 42 18.0 11.2 Type 1 
E Experimental Results P Simulation Model Predictions 
TABLE 7. 5 COMPARISON BETWEEN PREDICTED AND EXPERIMENTAL RESULTS FOR SEVERAL COMBUSTION CHAMBER DESIGNS 
I 
N 
N 
CD 
As one would expect, the largest variation in the magnitude of 
the differences between experiment and prediction occur for the 
maximum pressure rise rate since this parameter would be highly 
sensitive to errors in the computer model resulting from the 
spherical flame front assumption and the neglect of quench zone 
effects. These assumptions would account for the predicted rise 
rates being too high. 
OF the six combustion chambers, the poorest agreement occurs 
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for the 48% sector type squish and the central ignition disc designs. 
It is believed that in the case of the former chamber, this is 
partly due to the quenching of the flame in the squish zone. A 
second reason applying to both chambers is the effect of the non-
spherical propagation as already discussed which would be more 
significant with these two design than for the less concentrated 
squish arrangements or for a more offset ignition design. This 
suggests that the increased combustiDn ~ate resulting from a more 
central ignition location or from large squish areas blould be less 
than predicted by the simulation model. 
7.5.3 With Experimental Results Reported by 
Ziv 87 ) 
In this paper, Ziv compares four hemispherical head combustion 
chambers in terms of cylinder pressure, M.B.T. timing, power output 
etc. No flame speed or mass burn rates were determined during the 
study. The hemispherical heads had a central ignition location with 
the squish area being varied from zero up to about 60% (estimated) 
or in terms of theoretical maximum squish velocity, from zero to 
33.5 m/s. The engine used for this study was a high speed two 
stroke unit, which, due to the absence of valves is ideally suited 
to a hemispherical head arrangement. 
This paper was chosen for analysis and comparison for several 
reasons. First, the experimental results reported in this thesis 
had not covered a hemispherical head arrangement. Second, the 
engine was vastly different from the engine used in this work. Third, 
the author of the paper was clearly convinced that the observed 
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differences between the chambers was totally due to squish generated 
turbulence with no reference (except in the introduction) to the 
effect of compactness,flame area, or flame travel distances. Finally, 
the dimensions of the experimental chambers were specified in sufficient 
detail to allow the comparison to be carried out. 
Details of the combustion chamber designs assumed for the 
comparison are shown in Table 7.6 and Fig. 7.29. In addition to the 
four cylinder heads tested by Ziv, an additional two designs 
consisting of 70% and BO% squish were added to illustrate the 
predicted trends more clearly. Note that only the squish velocities 
were specified in the paper and therefore the assumed squish areas 
(calculated from the equation given by Ziv) may be subject to some 
error. 
SQUISH AREA THEORETICAL SQUISH VELOCITY CORRESPONDING TO 
% m/s (ft/s) DESIGN IN REF 
BO 62.5 (205) 
-
70 43.3 (142 ) 
-
60.4 * 33.5 (llO) A 
4B.7 -)(- 24.4 ( BO) B 
34.B -l(. 15.2 ( 50) C 
0 0 D 
BUMPING CLEARANCE == 1.524 (0.060") 
CENTRAL SPARK PLUG LOCATION WITH 2.0 mm PROJECTION 
. 
* ESTIMATED VALUES BASED ON EQ (3) IN REF 87 
TABLE 7.6 COMBUSTION CHAMBER DETAILS 
The engine data required by the program were taken from the 
details supplied by Ziv in Table 1 of the paper. A connecting rod 
length of 95 mm was assumed. The most important assumption however 
was that the spark plug projection was constant at 2.0 mm. This 
meant that as the squish area was increased, the total chamber 
height also increased resulting in the spark plug being moved further 
from the piston. 
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For the purpose of the comparison, a single operating condition 
corresponding to 6000 RPM, 75% volumetric efficiency and 1.1 equivalence 
ratio was assumed. 
In an attempt to achieve reasonable agreement between the predicted 
and reported results, the values of the turbulence multiplification 
factor and turbulent flame radius were adjusted to 3.5 x 10-3 and 0.1 mm 
respectively (from 2.91 x 10-3 and 10 mm). This meant that for the 
interval immediately following ignition, the burning velocity was set 
equal to the calculated laminar velocity and for all later intervals, 
the fully turbulent value was used. Whilst this is difficult to justifys 
it agrees fairly well with the results reported by Ziv which indicate 
only about a 40 increase in M.B.T. ignition timing resulting from increas-
ing the engine speed from 3500 to 7000 RPM. 
Comparisons between the reported and predicted results are shown 
in Figures 7.30 through 7.32. All of these graphs have been ploted 
against maximum theoretical squish velocity (using equation 3 in 
Ref. 87 ) since this shows the trends with squish area and is the 
method by which the chambers were compared in the paper. Note also 
that whilst the measured data was based on four values with a 
maximum squish area of about 60%, the predictions are for six values 
with a maximum of 80% squish area. 
The curve shown in Fig. 7.30 for the measured data has been 
copied directly from Fig. 13 of the paper. The graph shows that 
the predictod and experimental trends are similar although the measured 
curve indicates a greater sensitivity to increasing sqUish velocity. 
This difference could be partly due to flame quenching effects with 
the high squish area designs causing the predicted M.B.T. timing 
to be less effected by an increase in squish area. 
Allowing for the possibility of quenching effects, model assumptions 
and assumed design parameter values, the difference between the predicted 
and experimental results are quite small and could be accounted for by 
experimental error. Accurate M.B.T. ignition timing is very difficult to 
determine experimentally, a problem which was experienced by Mayo( 3 ) 
The results presented by Ziv at various engine speeds show quite a lot 
of scatter and whilst the general trend shown in Fig. 7.30 was evident, 
the relative differences varied considerably. 
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Figures 7.31 and 7.32 show plots of maximum pressure rise rate 
and maximum cylinder pressure plotted against squish velocity. The 
experimental results shown are the mean of the five sets of results 
presented by Ziv in Tables 9 and 10 for the engine speed range 4000 -
7000 RPM. 
The model predictions indicate a slight increase in pressure rise 
rate for initial increases in squish velocity with a very large decrease 
occurring at values above about 40 m/s (approx. 65% squish area). With 
the maximum pressure, the predicted trend is an approximately linear 
decrease with squish. 
The measured results agree fairly well with these trends as shown 
if allowances are made for scatter. The experimental pressure rise 
rates show a greater sensitivity to increasing squish area than 
predicted although it should be noted that this parameter is very 
sensitive to slight changes in ignition timing. The maximum cylinder 
pressure for the zero squish is less than the predicted value whilst 
the other three values are slightly higher. It is believed that these 
small differences are well within experimental error and could be 
partly accounted for by VHriations in M.B.T. ignition timing. 
Overall, the predicted trends with increasing squish area show 
good agreement with the measured results. Since the model assumes 
constant turbulence intensity, the assumption by Ziv that the observed 
trends are due to squish generated turbulence is not justified. The 
experimental results do suggest however that the performance of high 
squish area chambers will be less than predicted by the model due to 
the effect of wall quenching in the squish zone. 
7.5.4 Comparison With Experimental Results Reported by Mayo( 3 ) 
In this paper, Mayo presents results obtained from an eight 
cylinder engine, showing the effects of and the interaction between 
intake generated charge motion, compression ratio spark plug location 
and combustion chamber shape. The results were presented mainly in 
terms of 10% and 90% burnt mass fraction angles, although some results 
for cyclic dispersion and exhaust emissions were also included. 
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This paper is very interesting in that it shows a very strong 
interaction between parameters such that the effect of a design variable 
is very dependent on the other design variables. However, for the 
purposes of this Section, the effects of intake charge motion are 
ignored and therefore the comparison is restricted to the other three 
parameters studied; namely, compression ratio, spark plug location and 
squish area. 
A total of six combustion chamber designs were simulated for the 
comparison, the required data either being given in the paper, 
estimated from the sketches or assumed. Details of the six designs 
are specified in Table 7.7 
~ PRODUCTION NORMAL CENTRAL NORMAL CENTRAL B. 1. P SPARK SPARK SPARK SPARK PARAMETER OPEN OPEN SQUISH SQUISH 
STROKE mm 88.9 88.9 88.9 88.9 88.9 98.04 
BORE mm 101.6 101.6 101.5 101.6 101.6 1l0.7 
CON ROD 146.7 151.1 151.1 146.7 146.7 161.8 LENGTH mm 
CoMP RATIO 8.3 10.9 10.9 . 10.4 10.4 10.6 
SPARK PLUG 31 31 14 31 14 3 RADIUS mm 
SPARK PLUG 2 2 2 2 2 2 PROJECTION mm 
SQUISH AREA % 0 0 0 30 30 75 
BUMPING 
CLEARANGE mm - - - 1.0 1.0 0.7 
CHAMBER TYPE 1 1 1 3 3 5 
TABLE 7.7 EXPERIMENTAL COMBUSTION CHAMBER AND ENGINE DATA ASSUMED FOR 
MODEL SIMULATION 
The spark plug radii specified above were estimated from scaling 
photographs presented in the paper (Figs. 1 and 2) and from knowing that the 
spark plug had been moved 17 mm towards the chamber centre. The shape 
of the chamber was assumed to be either a disc (open), a bowl in piston 
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with flat head (B.I.P) or a type 3 squish design with 20% of the squish 
area on the opposite side of the chamber to the sparking plug (squish). 
Although these assumptions are reasonably accurate for the open and 
BIP chambers, the 30% squish chamber simulation is only a fairly 
crude simulation. 
The operating conditions chosen for the simulation were 1500 RPM, 
85% volumetric efficiency, 1.1 equivalence ratio and MBT ignition 
timing, these being similar to the actual experimental settings. A 
7% residual gas concentration was assumed for the 8.3 compression 
ratio chamber, this being reduced for higher compression ratios in 
proportion to the change in clearance volume at TOC. 
As with the simulation reported in the previous sub-section, 
an attempt was made to obtain about the same combustion rate and 
M.B.T. timing as those obtained experimentally. It was found that 
reducing the fully turbulent flame radius from 10 mm to 5 mm 
without a:.y change to the turbulent multiplier (set at 2.91 x 10-3 ) 
gave about the sarna MBT setting as reported. However, the predicted 
delay and burn angles were larger and smaller respectively than those 
obtained from the analysis of the pressure-time data using the 
Rassweiler and Withrow( 33 ) method. Although it would have been 
possible to have achieved better agreement by reducing both the 
turbulent flame radius and multiplier, this was not considered to be 
justified since it would not have made a significant change to the 
relativo differences between chambers. 
The predictions ootained for the range of combustion chambers are 
presented in Table 7.8, both in terms of absolute values and the 
percentage changes due to the central spark plug location and the 
addition of squish area. Also shown for comparison purposes are the 
reported experimental results. It must be noted that the BIP design 
experimental results are not directly comparible with the others since 
this was a completely different engine (in contrast to a cylinder head 
modification) and had a very high velocity, high swirl inlet port 
arrangement. Therefore, one would not expect good agreement between 
the predicted results (with the empirical constants based on the 
production engine design) and the BIP experimental results. 
(a) PREDICTED AND EXPERIMENTAL RESULTS FOR THE SIX 
COMBUSTION CHAMBERS OF MAYO 
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CHAMBER DESIGN M.B.T. IGN. DELAY ANGLE BURN ANGLE DELAY + BURN 
TmING °BTDC (0-10%) DEG (10-90%) DEG ANGLES DEG 
8.3:1 CR * 24.7 (23.9) (29.7) PRODUCTION 33 (30) 26.7 51.4 
10.9:1 CR 27 (27 ) 20.9 (18.7) 23.3 (29.5) 44.2 NORMAL OPEN 
10.9:1 CR 24 ( ? ) 19.3 (17.8) 16.9 (23.6) 36.2 CENTRAL OPEN 
10.4:1 CR 28 ( ? ) 21.4 (17.5) 18.9 (26.2) 40.3 NORMAL SQUISH 
10.4:1 CR 21 (22) 18.3 (14.5) 13.4 (22.6) 31. 7 CENTRAL SQUISH 
10.6:1 CR 17 ( 7) 16.8 (11.1) 13.2 (10.7) 30.0 BIP 
* Experiment R8sults~ Reported By MAYo( 3 )Shown in Parenthesis 
(b) PERCENTAGE CHANGE IN PARAMETERS DUE TO USING A 
MORE CENTRAL SPARK LOCATION 
COMBUSTION CHAMBER % REDUCTION BY USE OF "CENTRAL" SPARK 
SHAPE 
(53.6) 
(48.2) 
(41. 4) 
(43.7) 
(37.1) 
(21. 8) 
DELAY ANGLE BURN ANGLE DELAY + BURN ANGLE 
OPEN 7.6 ( 4.8)* 27 (20) 18 (14) 
SQUISH 14.5 (17.1) 29 (14) 21 (15) 
(c) PERCENTAGE CHANGE IN PARAMETERS DUE TO ADDITION OF 30% SQUISH AREA 
SPARK PLUG LOCATION % REDUCTION BY ADDITION OF 30% SQUISH AREA 
DELAY ANGLE BURN ANGLE DELAY + BURN ANGLE 
BASE (NORMAL) * (ll ) ( 9) 2.4 ( 6.4) 19 9 
CENTRAL 5.2 (18.5) 21 ( 4) 12 (10) 
TABLE 7.8 COMPARISON BETWEEN PREDICTED AND REPORTED EXPERIMENTAL 
RESULTS FOR THE COMBUSTION CHAMBtR DESIGNS OF MAYO( 3) 
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Inspecting the results in Table 7.8, it can be seen that there 
is fairly good agreement (excluding the BIP design) between the 
predicted and experimental results for the M.B.T. timing and the crank 
angle required to burn 90% of the charge. As mentioned previously, 
the predictions are on average about three degrees longer for the 
delay angle (defined as 10% burnt mass fraction) and about 50 shorter 
for the burn angle. The poorest agreement exists for the BIP results 
as expected although the burn angle for the central ignition squish 
design is predicted to be about nine degrees less than that obtained 
experimentally. Also, the experimental results suggest that 
compression ratio reduces the delay angle with no effect on the burn 
angle whilst the model shows improvements to both parameters. 
The percentage changes due to the spark plug location and incorporation 
of squish area are shown in (b) and (c) of Table 7.8. The agreement 
for the effect of spark plug location is very good, especially for 
the open chamber although the measured percentage improvement in the 
burn angle with the squish chamber is only about half that which is 
predicted. The percentage reduction due to the addition of the 30% 
squish area is in good agreement for the normal spark plug location 
(considering the crudeness of the squish area simulation) with the 
central spark plug location predictions having mixed success. The 
agreement for the overall time to burn 90% of the charge is very good, 
the difference being due to the prediction under-estimation of the 
delay period which therefore results in an over-estimate of the burn 
angle. 
The experimental results show an 18.5% improvement in delay angle 
for the addition of the squish area in the central ignition case, 
compared with a predicted 5.2% increase. This difference cannot be 
attributed to the crudeness of the model since at 10% burnt mass 
fraction, the flame front will not have contacted the squish area 
(assuming spherical flame propagation). Therefore, the predicted 
reduced delay angle of 5.2% is due mainly to the increased chamber 
height. The much larger experimental value (excluding experimental 
errors) suggests either a highly distorted flame profile or an 
enhanced charge turbulence/velocity structure in the region of the 
spark plug. 
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However, if the reduced delay angle does occur, the results suggest 
that the burn angle is greatly reduced by the squish area. This 
implies either a distorted flame front profile, a deteriorated turbulence 
structure or the possibility of flame quenching. Whatever the reason, 
the difference between predicted and experimental results for the overall 
delay and burn angles is small. 
To conclude this sub-section, the agreement between predicted 
and experimental results is acceptable. This agreement verifies 
the accuracy of the simulation model. The predictions appear to be 
most accurate for the open chamber with the normal offset ignition 
and least accurate for the central ignition squish case. 
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CHAPTER 8 
DISCUSSION OF RESULTS 
CHAPTER 8 
The findings of the experimental and theoretical studies have 
been presented and discussed in Chapters 5 and 7 respectively. 
The experimental results have shown that for the range of designs 
and operating conditions covered, combustion chamber design can 
have a significant effect on the combustion rate and pressure 
parameters. On the other hand, a relatively detailed ionisation 
probe study has failed to reveal any significant effect of combustion 
chamber shape on flame speed. 
Based on the experimental observations, the combustion model, 
described in Chapter 6, assumes that the flame speed ratio is 
independent of chamber shape. The predictions obtained from the 
model have shown the importance of compactness and have confirmed 
the experimental results. By comparing the model predictions with 
experiment~l results obtained in this study and by two other workers, 
the constant flame speed ratio assumption has boen shown to be 
reasonable. 
A survey of previous experimental work on this subject, 
presented in section 2.3, has revealed that there is much disagreement 
and confusion regarding the mechanisms involved and the relative 
importance of combustion chamber design parameters. However, it is 
generally recognised that combustion chamber design does have a 
major effect on engine performance and combustion rate and that 
compact chamber designs do give increased combustion rate. The 
results of this study regarding combustion rate are therefore 
generally in agreement with the findings of previous studies. 
On the effect of combustion chamber design on flame propagation, 
the situation is much more complex and controversial. This is 
because very few studies have been carried out to determine this 
effect and those that have, reviewed in section 2.3.2, have failed 
to agree on the importance of combustion chamber shape. The situation 
is not helped by the fact that in-cylinder charge motion measurements, 
reviewed in section 2.3.1, have also failed to agree. Also, despite 
the experimental evidence to the contrary, there is a wide belief 
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that squish area combustion chambers produce intense charge turbulence 
during the combustion period,resulting in substantial increases 
in flame speed. 
The results of this study have shown quite convincingly that 
for the combustion chamber designs considered, the flame speed 
is not significantly affected by combustion chamber shape. Although 
this does not agree with the popular view, which is based on intuition 
rather than actual measurement, it does however agree very well with 
the results of Tidmarsh(36) and to some extent with the findings 
of Mattavi et al(37). The increased combustion rate resulting 
from the use of squish designs has been shown to be due to the 
effect on flame front area rather than flame speed. 
The conclusion that flame speed is not significantly affected 
by combustion chamber shape is of considerable importance since 
it greatly simplifies the prediction of the effect of combustion 
chamber design. Based on this assumption, relatively simple zero-
dimensional computer models can be used to achieve optimum chamber 
designs and reduce the amount of empirical testing. 
The computer model developed in this work is based on this 
philosophy. The geometric integration modelling technique has been 
found to be very effective since it allows the chamber design 
parameters for a range of combustion chamber types to be infinitely 
varied. Further development effort could extend the range of 
combustion chamber types which can be simulated by this method. 
The predictions obtained from the computer model have shown 
that there is a strong interaction between the design parameters 
such that optimum designs must be achieved using an iterative 
process. Optimum squish area for a given combustion rate for 
example is dependent on bore/stroke ratio, compression ratio, 
chamber shape and spark plug arrangement. For high combustion rates, 
multiple spark plugs or a single centrally located about plug with 
50% squish area should be employed. The best design for a lean 
burn engine is predicted to be a dual ignition, zero squish hemis-
pherical head since this combines high combustion rate with low 
combustion chamber surface area. It is interesting to note that 
a similar design has been reported recently by Nakajima et al(59). 
The main errors associated with the computer model are due 
to the assumption of spherical flame profile and the fact that 
chamber wall quenching has been ignored. With large squish area 
and/or central ignition designs, these two factors can produce 
significant errors. Wall quenching is particularly important when 
small bumping clearance are being considered since two plate quench-
ing distances Bre typically five times(88) the corresponding value 
for a single plate. Comparison between predicted and measured 
results show that for large squish area designs, the combustion 
rate is over-predicted, suggesting that for these designs the flame 
is either slowed down or prematurely extinguished. 
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The heat release model developed in this work has shown that this 
type of model can provide a great desl of additional and useful 
information. Flame speed data can be obtained much more easily 
using this method than by direct measurement. Comparison between 
predicted flame speed (using the model) and measured flame speed 
(using ionisation probes) for identical engine cycles has shown 
that good agreement can be obtained in most cases. As for the 
previolls model, the main errors are likely to be due to non-spherical 
flame propagation and flame quenching. However, under such circum-
stances, direct flame measurements would be of limited value and 
would probably be less meaningful than the heat release model 
predictions. Analysis of some typical data errors has shown that 
the predictions are not very sensitive to such errors. 
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CHAPTER 9 
CONCLUSIONS 
1. The effect of squish on flame speed is small and is considered to be 
negligible when compared to the other effects associated with chamber 
shape. This conclusion is based on the measured results obtained 
in this work from a large number of combustion chamber designs and from 
analysing experimental results reported in the literature. Flame speed 
is increased however by increasing the compression ratio. The flame 
front profile is not affected by chamber design. 
2. The cylinder pressure and mass burn (combustion) rate can be 
significantly altered by changing the chamber design. The design 
parameters having the greatest effect are number of spark plugs, spark 
plug location, compression ratio and chamber shape. Chambers producing 
high combustion rates were found to have reduced cyclic dispersion. 
3. It has been shown that the geometric integration technique can be 
used to simulate a large number of combustion chamber designs using 
a minimum of input data. This model has been combined with a semi-
empirical engine cycle simulation model to produce a computer program 
capable of readily predicting the effect of chamber design parameters 
on the engine performance. 
4. The simulation model predicts that the chamber design can have a 
large effect on the combustion rate, peak pressure f pressure rise rate 
and optimum ignition timing. The model shows that the interaction 
between squish area and the other design parameters is high and that 
an optimum amount of squish area exists. Large squish areas are suited 
to high compression ratio, high bore/stroke ratio designs where the 
chamber height at TOC is small compared to the cylinder radius. 
5. For lean burn engines, dual ignition designs are shown to give 
improved performance over single ignition demgns. With single 
ignition, a bowl in piston arrangement of about 60% squish area using 
a centrally located spark plug should give reasonable lean mixture 
performance. 
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6. Experimental results obtained in this work and from the other 
sources have been compared with predictions from the model for the 
same chamber designs. The agreement has been found to be satisfactory 
in most cases. The greatest errors are for either large squish 
areas or central ignition designs where the model over-predicts the 
rate of combustion. It is believed that this is due to the effects of 
non-spherical combustion and wall quenching effects. 
7. Squish velocities under fired engine conditions have been compared 
with the corresponding motored values for the case of a bowl in piston 
design with central ignition. The results show that the effect of 
combustion is to reduce the forward squish slightly and increase the 
reverse squish by a substantial amount, the effect being highly 
dependent on ignition timing. 
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CHAPTER 10 
10.1 Experimental Studies 
To extend this work and to confirm the results obtained, it 
is recommended that the following experimental studies be carried out:-
10.2 
a) Extend the experimental measurements and procedures adopted 
in this study to several other engines and combustion chamber 
designs, particular attention being paid to the measurement of 
flame speed and profile. 
b) A detailed investigation of the fla~8 propagation characteristics 
in the squish zone on a high squish area, small bumping clearance 
design such as a May ,Fireball. This should establish the effects 
of wall quenching and squish generated charge motions. 
c) To ~tudy the influence of combustion chamber design on the 
detonation (knock) characteristics of an engine. The object of 
this proposal would be to establish how much of the reduced octane 
requirements with fast burn engines is due to end gas cooling 
rather than the reduced time exposure resulting from the fast burn. 
d) To establish the lean misfire limit and lean mixture 
performance of several combustion cham~er designs. It is suggested 
that particular attention be paid to dual or multiple ignition 
designs, especially the zero squish area hemispherical head 
arrangement for which good performance has been predicted. 
Simulation ~lodel Ime.E,.ovements 
Although the model has been shown to give satisfactory 
agreement with experimental observations, there are several major 
improvements which could be made, both to improve the accuracy and to 
extend the range of chamber designs which can be considered. These 
are as follows: 
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a) To modify the thermodynamic model to incorporate the effects 
of wall quenching in the squish zone between the piston cylinder 
head. A simplified quenching model which assumes that the local 
flame front is extinguished when the distance between the piston 
and head is less than a critical value, based on measured data 
reported in the literature ( 88 , 89 ) should give improved 
predictions. 
b) To incorporate an auto-ignition correlation into the program 
so that the probability of detonation could be predicted for a 
range of chamber designs. The auto-ignition correlation of 
Johnson et al ( 90 ) is recommended. 
c) The thermodynamic model should be extended to give an 
empirically based simulation of the intake and exhaust processes 
so that the effects of throttling and compression ratio can be 
more accurately determined. The method as described by Sangama 
. (83 ) 
and Murthy could be adopteu for this simUlation. 
d) Extend the geometric model to include other common designs 
such as the wedge type chamber. The symmetry restrictions now 
placed on the model (e.g. dual ignition) should be relaxed 
where possible. 
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APPENDIX I 
CALIBRATION OF EXPERIMENTAL EQUIPMENT 
1.1 Air Flowmeter 
1.2 Pressure Transducer 
1.3 Data Acquisition System 
285 
APPENDIX I 
1.1 Air Flowmet~r 
An accurate determination of the air flow rate into the engine 
was required for the experimental work since this was needed to 
calculate both the volumetric efficiency and the equivalence ratio. 
The flowmeter used for this work waS of the viscous type (see 
Sec. 3.3 for details) and would therefore be expected to give an 
approximately linear relationship between flow rate and corresponding 
pressure drop ( 69). This relationship may be expressed by:-
Q = C. A H 
where Q = volume flow rate (l/s) 
C 
AH 
= 
= 
flowmeter constant 
pressure head (mm H20) 
The object of the calibration was therefore to determine the 
value of the constant c. 
The flowmeter was calibrated prior to engine testing against a 
calibrated venturi, manufactured to comply with the recommendations of 
B.S. 1042 ( 9l). The two flowmeters were connected in series and 
the desired flow rate was produced by a Roots Blower compressor unit. 
A schematic diagram of the set up is shown in Fig. 1.1. 
The flow rate was varied during the test by adjusting the two 
control valves, minimum flow being achieved with valve A fully open 
and valve B partially closed. Readings were taken at about 12 flow 
rates over the flow range equivalent to a pressure head of between 
20 and 200 mm of water. Variables measured during the tests were the 
pressure drops across the two flow meters and the temperature and 
pressure of the air at both ambient and venturi upstream conditions. 
The air flow rates were calculated from the test results using an 
expression given in Ref.9l 
against 6H in Fig. 1.2. 
and the resulting values are shown plotted 
The graph shows that the relationship 
between Q and aH was not quite linear over the full range but since the 
flow meter was only required to operate over the first part of this 
range, it was possible to fit a straight line to the data as shown. 
The resulting slope is equivalent to the flow meter constant by 
definition and measurement gave a value of 0.132 (l/s /mm H20). 
Therefore the flow rate for this flow meter was given by:-
Q = 0.132. ~H 
1.2 Pressure Transducer 
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The Kistler 6121 piezo-electric pressure transducer used in this 
study was supplied by the manufacturers complete with calibration 
data. The Kistler 566 charge amplifier however was not calibrated and 
although a facility for calibration is provided on the amplifier, it 
was docided that it would be better to calibrate the transducer and 
amplifier as a single system, having a calibration constant of 
VoltS/Bar. 
The most likely problem which is going to occur when calibrating 
pieza-electric transducers is that of signal drift. Charge amplifiers 
normally have a choice of time constants (this being a measure of the 
rate of decay rather than the response to a signal) and for static 
calibration measurements, long time constant should be used. If drift 
is a problem, even on long time constant, this can usually be 
rectified by cleaning the electrical connections between transducer 
and amplifier and/or by drying out the amplifier by either heating 
(in a low temperature oven) or by leaving the unit connected to its 
power supply for a time. 
Having eliminated any drift problems, the system can then be 
calibrated. A dead weight tester is normally used for this but in 
this work, the calibration was made against a reference pressure 
(Bourdon Tube) gauge using a bottled inert (Nitrogen) gas to 
pressurise the system, the set up being shown in Fig. 1.3. This 
system was used in preference to a dead weight tester due to its 
availability and because it allows the pressure to be changed rapidly, 
thereby eliminating the effect of signal drift. 
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The calibration procedure adopted was as follows:-
a) Set charge amp to long time constant and select appropriate 
sensitivity setting (1 mV/pC in this case) 
b) Zero charge amplifier 
c) Close valve B and open valve A 
d) Adjust regulator to required pressure 
e) Close valve A 
f) Note voltage on Digital Voltmeter (D.V.M.) 
g) Vent pressure to atmosphere by opening valve 8 
h) Note voltage on D.V.M. 
i) Repeat steps (b) to (h) about 10 times for different values 
of pressure over the full range of interest. 
The results obtained from the calibration were then plotted as 
shown in Fig. 1.4. This graph shows that the relationship between 
pressure input and voltage output is linear with no significant 
difference between increasing and decreasing pressure. Measurement 
of the slope of the best fit straight line gave a value of 15.0 mV/Bar 
and this constant was used throughout the work to calculate tho 
pressure from the voltage signal via:-
p = V/0.0l5 
IlJhsre p = cylinder pressure (Bar) 
V = charge amp output (Volts) 
1. 3 Data Ac,quisition sxst~ 
The cylinder pressure data was recorded on an FM tape recorder 
and later digitised using an Analogue to Digitial Converter (ADC). 
Since it was important to minimise errors in the pressure signal, it 
was found necessary to Use a calibration technique which involved 
recording a number of signals on the same channel as that used to 
record the pressure signal. The calibration signals were d.c. 
voltages which were supplied by a reference source and checked during 
recording with aD. V .r'l. Approximately 8 different voltages in the 
range +1.0 to -0.5 volts were recorded at the beginning of each tape 
prior to carrying out the engine test. 
At a later date, the data were digitised on the ADC and it was 
at this stage that the calibration signals were also digitised and 
the resulting values printed out. A graph of the tape recorder 
input and ADC output voltages was then obtained and such a graph is 
shown in Fig. I.5. 
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Inspection of the plot shows that both a d.c. shift and a 
sensitivity error has occurred but since the pressure is converted to 
absolute by a numerical technique (see Appendix III), only the latter 
was used in the subsequent calculations to obtain the correct pressure. 
The main advantage of recording calibration signals on to the 
data tape is that if the tape recorder settings are adjusted, after 
having recorded the data and before being digitised, a correct value 
can still be determined using the calibration constant calculated at 
playback. Also, the need to frequently check (and adjust if necessary) 
the accuracy of the tape recorder and ADC is reduced since errors will 
be accounted for during the data processing stage. 
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Fig 1·5 CALIBRATION GRAPH FOR DATA ACQUISITION SYSTEM 
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APPENDIX II 
11.1 General 
A major part of the experimental work in this study involved the 
determination of flame propagation rates in the combustion chamber of 
a fired engine. Techniques which may be used for measuring flame speed 
(reviewed in Section 2.2.4 ) were considered and it was finally decided 
to use the ionisation probe technique since this offers the following 
advantages over other methods:-
a) quantitative results. 
b) small dimensions of probe allow multiple probes to be used 
c) electrical signal output simplifies data collection and 
processing. 
d) simple and inexpensive construction of probe. 
e) no major modifications required to engine. 
f) individual cycles may be studied. 
The purpose of this Section is to describe the basic mode of 
operation of the ionisation measurement system and to provide details of 
the ionisation equipment used in this study. Finally the source of 
detection errors are examined and ways in which the effect of such errors 
may be minimised are discussed. 
11.2 The Ionisation Probe Technigue 
11.2.1 Description of Operation 
The basic components of an ionisation probe flame arrival detection 
system are shown in Fig. 11.1. It can be seen that this consists of a 
d.c. power supply, connected to the ionisation probe (or ion gap) via 
a resistor. 
Under normal non combustion conditions,the resistance of the probe 
is very large and therefore the current flow and the voltage drop across 
the resistor are negligible. If the probe is now placed into a flame 
reaction zone, it will be found that the circuit current and hence the 
voltage drop across the resistor will increase. This change is due to 
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the fact that during combustion, ions, electrons and radicals are 
produced whilst the reactants are transformed into products. The 
negatively charged electrons thus produced will be attracted to the 
positive electrode of the probe, thereby reducin~ the effective probe 
resistance and causing an increase in current. 
The signal produced by the flame moving past the probe is measured 
between the probe and resistor and a typical signal profile is shown in 
Fig. 11.2. This indicates that at ionisation, assumed to be the point 
where the flame contacts the probe, there is a sudden reduction in 
voltage, followed by an exponential type increase back to the original 
level prior to combustion. The signal amplitude and pulse width are 
functions of the reaction zone thickness, the probe dimensions, the 
circuit design, the supply voltage etc in addition to the localised 
operating conditions in the region of the probe. 
Generally, conditions which result in rapid combustion (e.g. maximum 
power Air ratio, high turbulence, high compression ratio etc) will 
produce a large voltage swing at the probe but previous research work 
(92 ) aimed at quantitatively relating ionisation signal profile to 
combustion parameters was not successful. 
II.2.2 Simple Electrical Analogy of Ionisation 
The operation of the ionisation probe and the effect of combustion 
on the signal can be represented by an electrical analogy as shown in 
Fig. II.3. Here, the probe is represented by a capacitor C and p 
resistor R which would correspond to the measured values under non-p 
combustion conditions. The effect of the flame is represented by a 
switch S. and resistor R .• 
~ 1 
With switch S. open, only a small amount of current will flow due to 
1 
the high resistance R but during combustion, p switch S. closes, 1 
lowering the total circuit resistance by placing resistor R. in 
1 
with resistor R. This produces the voltage drop across supply p 
thereby 
parallel 
resistor 
R and thus causes capacitor C to discharge at a finite rate, causing 
s p 
the voltage drop to increase with time. 
As the reaction zone passes the prone, switch S. opens, increasing 
1 
the circuit resistance and causing the voltage to increase, the rate of 
increase being exponential and dependent on the relative value of 
the resistances Rand R and capacitance C • 
P s P 
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Therefore, the signal obtained from this simple analogous circuit 
would be similar to that produced by the actual ionisation circuit. This 
type of anology is very useful when optimising circuit design or when 
considering the effect of operating conditions on gap resistance. 
11.3 Details of Experimental Ionisation Equipment 
II.3.1 Probe Construction 
A diagram of a typical ionisation probe used for this study is 
shown in Fig. 11.4. These probes were made up in the department using 
0.94 mm diameter nichrome wire for the central electrode, ceramic tube 
of 1.96 and 1.0 mm outer and inner diameters respectively for the 
insulator and a stainless steel tube of 2.7 mm outer and 2.1 mm inner 
diameters for the outer electrode. 
To increase durability of the probe, a spherical bead was formed 
at the end of the inner electrode by heating the wire under an oxy-
acetylene torch. The three components were roughened on the mating 
surfaces and then cleaned thoroughly in solvent before being bonded 
together using Araldite epoxy resin strain gauge cement. 
The electrical connections to the probe were obtained by either 
the use of a B.N.C. connector and bracket arrangement or by soldering a 
cable directly onto the inner electrode, the former arrangement only 
being suitable where space permitted. The electrical resistance of the 
probes were checked before installation using a 500 V insulation tester 
(Mega), the resulting value normally being greater than 10 M.a.. • 
The ionisation probes were located in the combustion chamber by 
drilling a 2.8 mm dia. hole in the cylinder head or squish plate and 
cementing the probe in position using the Araldite cement. The end of 
the probes were normally positioned 4 mm from the combustion chamber 
wall to avoid undesireable quench zone effects. 
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11.3.2 Ionisation Amplifier 
The purpose of the ionisation amplifier is to provide the supply 
voltage for the probe, to detect the change due to the ionisation and 
to provide a suitable ouput signal in phase with the occurrence of the 
flame arrival. 
A block diagram of the main components of a single channel of the 
ionisation amplifier is shown in Fig. II.5 and the corresponding detailed 
circuit diagram is shown in Fig. 11.6. A brief description of the main 
features of the ionisation amplifier is as follows:-
A d.c. voltage, infinitely variable between 0 and 300 volts is 
supplied to the probe through a 330 K~ resistor. The ionisation 
signal is smoothed to avoid spurious output signals by using a smoothing 
capacitor whilst the d.c. component of the signal is removed by employing 
an a.c. coupling capacitor. 
A 741 operational amplifier was used as a comparitor to detect any 
change between the ionisation signal, connected to the inverting input 
and a variable reference signal connected to the non-inverting input. 
A potentiometer was used to adjust the voltage level of the latter signal 
such that it was slightly lower than the noise level on the ionisation 
channel. A feedback resistor was chosen to give a large amplifier gain, 
thereby causing the output to rapidly change for a small decrease in the 
ionisation signal below the reference voltage. 
The output signal obtained is basically a square wave with a pulse 
width corresponding to the width of the ionisation pulse at the reference 
voltage level, the leading edge of which is assumed to correspond to the 
time at which the flame front reached the probe. 
Due to the fact that only a single supply of 5 V was provided for 
the electronic circuitry (rather than ~ 5 V) in an attempt to reduce the 
size of the amplifier unit, the output signal from the 741 varied between 
+ 2 V and + 5 V which is not compatible with TTL (Transistor - Transistor 
Logic) circuitry. Therefore, interfacing was required between the 741 
and the subsequent TTL, this being achieved using a 8el08 transistor in 
conjunction with a decoupling capacitor and biasing bleed resistor. This 
now gives a voltage swing of 5 V to 0.6 V which is suitable for 
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the 74121 monostables which are used to give either a sharp 15fS TTL 
pulse or a variable amplitude and pulse width signal suitable for 
recording on a magnetic tape recorder. 
The circuitry described above was developed over a period of 
many months and represents a very reliable and accurate system. The 
latest unit built offers 8 channels powered from a single ionisation 
voltage supply, the problems being initally encountered with "cross talk" 
being successfully eliminated by using the smoothing capacitor. 
II. 3.3 Ionisation Processing S>,-stems 
The ionisation amplifier described above provides output signals 
with leading edges corresponding to ionisation. The next stage is to 
Use some means of displaying, recording and/or analysing these signals. , 
A number of methods for doing this have been reported by previous workers, 
( 27 ) (28 ) 
notable Curry and Harrow and Orman • 
For this study, an original method employing a tape recorder and 
A.D.C. was used to obtain all the experimental results reported and this 
method is described in detail in Section 4.2 In addition, a "Flame 
Frequency Counter" was developed and used as a back-up system to the 
tape recorder/A.D.C. method to provide both a check on the equipment 
during testing and also as a means of cross-checking results. 
The counter is similar to the Flame Arrival Frequency Counter first 
described by Harrow and Orman ( 28) and later used by Ma (93 ) 
A block diagram of the counter system used in this work is shown in Fig. 
11.7. Briefly, the unit detects, counts and displays the number of 
ionisation signals which occur within a specified crank angle interval 
and for a known number of cycles (either 100 or 1000). The crank angle 
interval is obtained from a crank shaft driven encoder providing a gate 
opening pulse at 90 0 BTOC, a reset pulse at 900 ATDC and a gate closing 
pulse at an adjustable crank angle. 
The flame frequency counter can be used in s3veral different ways 
depending on the information required:-
a) To measure mean flame arrival angle directly. This can be 
quickly established by adjusting the position at which the variable 
pulse occurs until a 50% count is achieved. Due to cyclic dispersion 
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and crank angle resolution of the variable pulse, this method may 
be subject to significant errors. 
b) To determine a flame arrival frequency/crank angle plot. 
This is achieved by adjusting the variable pulse in small steps, 
each time recording the flame arrival count, for about 10 values 
between say 5 and 95%. A typical plot is shown in Fig. 11.8. 
Having constructed this plot, the mean flame arrival angle and flame 
dispersion can be established to a good degree of accuracy. 
c) To determine the Lean Misfire Limit (L.M.L.) • This could 
be arbitrarily defined 8S say 2% misfire at a crank angle of 450 
ATDe and therefore with the variable set at this crank angle, the 
mixture would be weakened until a count of 98% was achieved. The 
unit shown in Fig. 11.7 was provided with a facility for counting 
"Misses" as well as "Hits" and therefore for the above case, a 
miss count of 2% would correspond to the L.M.L. 
11.4 Ionisation Probe Response Time Errors 
Al though a number of errors may be introduced when me asuring flame 
propagation rates (e.g. crank angle errors) this section considers only 
the errors due to the ionisation detection circuitry. Curry ( 27 ) 
has shown that there is a definite time interval, called the response 
time, between the flame arrival and the time when the signal strength is 
sufficient to be detected. 
The response for a typical signal is 
shown in Fig. II.9. 
The response time is given by 
t = 
Vt tt r V 
s 
where t = response time r 
tt = total response time 
Vt = trigger voltage offset. 
V = total voltage swing s 
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The response time t can therefore be reduced by:-
r 
a) Reducing Vt • This value is mainly determined by the "noise" 
level which should therefore be reduced to a minimum. 
b) Increasing V. This is mainly affected by supply voltage, 
s 
circuit component values and the combustion characteristics. 
The maximum value of V will be restricted by the maximum 
s 
voltage rating of the detection circuitry. 
c) Reducing tt. This is mainly a function of the combustion 
characteristics although it will also be affected by circuit 
component values. 
Therefore, to minimise detection errors, the voltage swing should 
be kept to a maximum and the noise level should be minimised. 
At the start of the work, tests were carried out to investigate 
the effect of fitting various smoothing cepacitors across the ionisation 
probe t the object being to minimise the noise level and therefore reduce 
both the response time and the probability of spurious signals. The 
effect of a partially defective probe was also studied separately by 
soldering a 330 K~ resistor in parallel with the probe. The effect 
of changing the effective resistance and capacitance of the probe are 
shown in Fig. 11.10. 
Inspection of the graphs shows that the value of these components 
can greatly affect the signals obtained. The reduced probe resistance, 
typical of the effect of carbon deposits, reduced the signal amplitude 
and also increase tho noise level. A reliabm output, free from 
spurious signals could only be obtained for this case by reducing the 
trigger voltage level, i.e. increasing Vt • 
Graphs c to f of Fig 11.10 show the effect of increasing the 
effective probe capacitance by various amounts. It was found that large 
values of parallel capacitance gave very smooth signals, free from noise 
but was unacceptable due to increased total response time tt' reduced 
signal amplitude and very slow rise time following ionisation. Reducing 
the capacitance improved the signal response whilst giving a noise free 
signal. Very small values of capacitance resulted in noise spikes 
re-appearing. 
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The optimum value of capacitance tested was 22 nf, this addition 
resulting in good noise supression, fast response and minimum signal 
attenuation. This allowed the trigger level voltage to be increased 
compared to the unmodified case and completely eliminated spurious 
signals caused by the ignition system or by "cross-talk" between the 
ionisation channels. A 22 nf smoothing capacitor was permanently 
soldered onto all channels of the ionisation amplifiers used to obtain 
the results presented in this thesis. 
It was pointed out earlier that the ionisation signal is affected 
by operating conditions, in particular equivalence ratio and load. The 
effect. of this is shown in Fig. 11.11, the "slow" combustion conditions, 
resulting in a signal of reduced amplitude and increased total response 
time. This condition would therefore result in either increased 
response time, relative to "rapid" combustion condition or may even 
result in no output pulse, the latter condition is important since this 
could be interpreted as misfire. 
To reduce the probability of this happening, it is best to 8djust 
the probe supply voltage before each test to maintain a constant signal 
amplitude. The variation in supply voltage to maintain a swing of 
4 volts is shown in Fig. 11.12. 
An alternative method used by Curry (27 ) is to measure the actual 
response time and to adjust the supply voltage to give a constant 
value. Since the response time is now known, a correction can be made 
to the measured flame arrival times to eliminate this source of error. 
The major draw-back of this method is that it is difficult to measure 
to any degree of accuracy during an engine test, the small values of 
response times that would be encountered if the major sources of error 
(discussed above) have been reduced to a minimum. 
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APPENDIX III 
IlLI Introduction 
Piezo-electric pressure measurement systems have many 
advantages over other types of transducers (e.g. resistive, capacitive, 
inductive etc). When used for the measurement of pressures within the 
combustion chamber of fired engines. Typical advantages of piezo-
electric systems are:-
I) Good linearity 
II) High signal to nois~ ratio 
III) Low temperature coefficient of sensitivity 
IV) Good durability at high operating temperatures 
V) Compactness 
VI) High natural frequency 
VII) Low hysteresis 
VIII)High sensitivity adjustable to suit pressure range 
IX) Good signal resolution. 
These characteristics have resulted in the pieza-electric 
system having been used almost exclusively in recent engine studies. 
The pieza-electric element, which is usually made from quartz, 
produces an electrical charge which is proportional to applied pressure. 
The charge produced is very small, and a charge amplifier with very 
high input impedance ("!!!: 1013..1l.. ) is required to prevent the charge 
from being rapidly leaked away. However, some leakage will always 
occur resulting in signal drift. In addition, drift may be caused by 
electrical "noise", common sources of which are the ignition system 
and mains earth loops. 
Signal drift is a major disadvantage of piezo-electric 
transducers and results in their being un sui table for the measurement 
of static and slowly varying pressures. In dynamic situations, such 
as engine cylinder pressures, the dynamic or a.c. component of the 
signal can be measured very accurately but ~e absolute or d.c. 
component will not be known accurately due to the effect of drift. 
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The purpose of this Appendix is to first examine the need 
for accurate pressure data and then to review some techniques which 
have been used in the past m achieve the desired results. 
III.2 The Need For Accurate Determination of Absolute Engine 
Cylinder Pressure 
In some cases, for example when comparing the effects of 
engine modifications on the pressure diagram (e.g. i.m.e.p., peak 
pressures, rate of pressure rise etc) a small error in absolute 
pressure would make little difference to the results and an approximation 
could easily be made to give the desired results. In other cases, 
for example, when analysing the pressure-time diagram to calculate 
combustion rate, small errors may have a significant effect on the 
derived parameters. 
Lancaster et al(72) has shOl.L'n that a major effect of a 
constant error is to cause a change in the calculated value of the 
compression index n which is more pronouced near to the start of 
compression. The reason for this is best domonstrated by considering 
the polytropic relationship 
= Constant 
which between points 1 and 2 in a process may be re-written as: 
= 
or in terms of n 
Therefore, an error in the pressure would result in a 
change in the pressure ratio and hence the calculated value of n. 
The above expression has been used to calculate the effect 
of a + 0.2 Bar (3 p.s.i.) error on the compression index and the 
results are shown in Fig. 111.1. The graph shows that the errors 
are greatest during the early stage of compression and for the throttled 
conditions where the pressures are low, the value of n varying 
between 0.92 and 2.1 for the worst conditions. The error in n 
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is much less near to TOC but average errors of about 
may still occur due to the ± 0.2 Bar pressure error. 
-'- + 
.;.. 0.06 (- 5%) 
Analytical methods for calculating mass burnt and heat 
1 d t (33, 74 ). . tId t d t . re ease a a uSlng experlmen a pressure a a e ermlne 
the pressure rise due to combustion by subtracting the pressure 
charge due to piston motion, calculated using the polytropic 
relationship, from the measured pressure. Errors in either compression 
index or pressure would result in a change in the calculated value 
of mass burnt. The magnitude of such errors is discussed in 
Section 4.5. 
To reduce such errors to a minimum, it is necessary to use 
some means of accurately locating the pressure signal relative to a 
known pressure. Methods that can be used to do this are discussed 
in the following SUbsection. 
III. 3 Technigues For Achieving Absolute Pressures 
The object of these techniques is to determine the absolute 
pressure at a single point in the cycle since if this can be done, 
the absolute pressure for the whole cycle will be known. 
The simplest method that may be employed is to assume a 
value of pressure during either the intake or exhaust strokes. 
( 72 ) Lancaster et al for example assumed that the cylinder 
pressure at BOC of the intake stroke was equal to the mean intake 
pressure measured during the test whilst Brown ( 94 ) estimates 
that this assumption should be within about 0.07 to 0.14 Bar (1 to 
2 p.s.i.) of the actual pressu-e for good breathing engines. Harrington 
( 74 ) 
assumed that the pressure at the end of the exhaust ~troke 
was equal to a "known value" but no details were given as to how this 
was measured. 
Another technique which may be used is to install a valve 
arrangement which allows the transducer to periodically measure a 
known pressure instead of the cylinder pressure. The simplest form 
of this is shown in Fig. 111.2. With valve A closed and valve B open, 
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either atmospheric or a known pressure will be measured, allowing 
the charge amplifier to be zeroed (grounded) to this pressure or 
alternatively, a reference pressure signal to be obtained. 
The main disadvantage of this system is that errors may 
be introduced due to the connecting passage between the combustion 
h b d t d Br'own ( 94) and Van A'<en (95 ) c am er an pressure rans ucer. f 
have shown that this type of arrangement can have an adverse effect 
on the resonant frequency, the signal amplitude and the distortion 
(apparent delay) and may produce transients in addition to modifying 
the compression ratio. 
The problems associated with tho long connecting passage 
are pracitically eliminated by using a switching adaptor. Kistler ( 96 ) 
manufacture a range of these devices and one of these, the type 
642 which is designed for the measurement of pressures above an 
adjustable reference pressure, is shown in Fig. 111.3. 
If the cylinder pressure is below the reference value, the 
spool valve moves shutting off the cylinder port and causing the 
transducer to measure reference pressure. If the cylinder pressure 
exceeds the reference, the spool moves in the opposite direction 
allowing cylinder pressure to be me8sured. 
The effect of this on the pressure diagram is shown in 
Fig. 111.4. Since the clipping action occurs on each cycle, the 
absolute pressure may be accurately determined (within the resolution 
of the equipment) even in the presence of signal drift or d.c. shift 
occurring in the data acquistion processing stages. A further 
advantage is that the transducer may be "turned-off" when not requim d 
by supplying a reference higher than the maximum cylinder pressure, 
thereby increasing the life of the transducer. The main disadvantage 
of the adaptor is the increased dimensions required for its installation. 
A further method that may be employed is to use more than 
one pressure transducer. The additional transducer(s) could be of 
various designs and located in a number of positions in the engine. 
( 94 One such set-up proposed by Brown ) is to use a 
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free disc balanced pressure indicator in addition to a piezo-electric 
transducer, the former device giving an electrical pulse each time 
the cylinder preSSUTe changes sign relative to a known reference 
pressure. Another arrangement that could be used is shown in 
Fig. 111.5 and uses a second transducer mounted in the cylinder 
wall which measures cylinder pressure near to BOC of each stroke. If 
this transducer is of a type which gives absolute pressures directly, 
no further information will be required but if a piezo-electric 
transducer is used, a reference to crankcase pressure can be obtained 
by drilling a hole in the piston as shown in Fig. 111.5. If the 
crankcase pressure is well vented, atmospheric pressure may be assumed, 
otherwise, a further measurement device will be required. 
Benson and Baruah ( 97 ) used three transducers mounted 
in the cylinder head, sle8ve and sump to determine the absolute 
cylinder pressure. Although this type of system should give accurate 
results, it does have the disadvantage of increased instrumentation 
and data analysis. 
( 94 A fourth method, proposed by Brown ) is to use a 
solenoid operated miniature poppet valve mounted in the engine 
cylinder and connected to a manometer. This may be timed to open 
for a short period at the mid-point of the intake stroke where ttle 
pressure is fairly steady. The manometer would therefore register 
the mean pressure over the valve opening period for a large number 
of engine cycles. 
To summarise, several methods are available for the 
measurement of absolute pressure, each method having advantages and 
disadvantages. The actual method used for a given situation would 
depend on the accuracy required, the amount of additional complexity 
that could be tolerated and the amount of space available for the 
installation of adaptors and additional transducers. Details of 
the method employed for the experimental part of this study are given 
in Section 4. 3. 
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APPENDIX IV 
IV.l Introduction 
The object of this Appendix is to give details of the calculation 
of the theoretical squish velocity in motored engines and to illustrate 
how such velocities are affected by the combustion chamber shape. 
Calculations of this type serve the foTIowing purposes:-
a) Allows the possible implications of chamber design to be 
assessed. 
b) Allows the combustion chamber design to be classified 
according to the calculated charge velocities. This permits 
the performance of different designs to be compared in terms 
of the theoretical squish velocities. 
The first part of this section gives details of the calculation 
of squish motion, including a review of some of the work reported in 
the literature. Calculated results showing the effect of the more 
important design parameters are then presented and discussed. 
It must be emphasised that the calculations that follow are only 
applicable for non combustion conditions since the expansion of the 
burning charge will greatly affect the motion in the squish zone. This 
effect, which does not appear to have been considered by previous 
workers, is illustratod and discussed in Chapter 7.4. 
IV.2 Calculation of 2.g,uish Velocity 
IV.2.1 Review of Previous Work 
In 1952, Fitzgeorge and Allison (16 ) presented a paper out-
lining a method for calculating the radial velocity produced by a bowl 
in piston (B.I.P.) chamber design. By assuming uniform spatial density 
of the charge and zero blow-by, they showed that the squish velocity 
(the radial velocity at the inside edge of the bowl) is given by:-
= 2 
2 • r b • h ("IT. d • h / L~ + Vb) 
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where Us = Squish velocity 
Up = Piston velocity 
d = Bore 
rb = Bowl radius 
Vb = Bowl volume 
h = Piston to head distance 
Ghirlando ( 51 ) calculated the squish velocity by considering 
the annular space outside the bowl as a one dimensional duct whose 
cross sectional area varied as a function of crankangle. His theory 
allowed for the effects of gas inertia, friction, heat transfer and 
piston ring blow-by, the resulting differential equations being solved 
numerically on a computer. The results obtained suggest that these 
effects for practical cases are, with the exception of blow-by, 
insignificant. Blow-by however had a major effect on the calculated 
velocities but the problem is knowing the amount of blow-by that is 
normal during the piston movement a few degrees either side of TOC of 
the compression stroke. 
A computer simulation model developed by Gosman and Johns ( 98 ) 
solves the differential conservation equations governing the flow and 
heat transfer in an axi-symetrical bowl in piston combustion chamber. 
Their results predict that the squish motion produces a vortex in the 
bowl during compression whilst on the expansion stroke, a vortex is 
generated above the bowl annulus. They also present results which 
suggest that the flow pattern will be drastically modified in the 
presence of swirl. In common with Ghirlando, they found that the 
squish velocities predicted by the simple Fitzgeorge and Allison 
formula were almost identical to the values given by far more complex 
and comprehensive models. 
The previous work reviewed so far has considered the specific case 
of a bowl in piston design, which has received the most attention due 
to its popularity in compression ignition engines and due to the 
expected one dimensional flow in the squish zone. However, the 
majority of spark ignition engines have concentrated squish areas (e.g. 
wedge, bathtub etc) and it is desirable to be able to calculate squish 
velocities for these shapes as woll. Lichty ( 17 ) derives an 
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expression for a concentrated squish area by using a similar approach 
to that used by Fitzgeorge and Allison. He obtained the following 
relationship:-
Us = 
where 
Up • As .5 - (S + CL) / (S + ST/(C R - 1))] 
b • (S + CL) 
Us = Squish velocity 
Up = Piston velocity 
As = Squish area 
S = Piston displacement 
b = Chord length 
CL = Bumping clearance 
CR = Compression ratio 
ST = Stroke 
The value of squish velocity given by this equation is the 
mean velocity based on the volume flow rate divided by the flow area. 
Although this equation appears to be different from that of Fitzgeorge 
and Allison, it is easy to show that they would both produce the same 
result for the same design. 
IV.2.2. Derivation of a General Expression for the 
Determination of the ~lean Radial Velocity" 
A more general expression than thoso already given can easily be 
derived for the mean radial velocity, which apart from being applicable 
to all squish designs also allows the mean velocity at any location 
to be calculated. (The previous expressions would give the maximum 
radial or squish velocity). 
The derivation is based on uniform pressure distribution with no 
blow-by and proceeds by considering the volume change due to piston 
motion rather than the usual mass transfer approach since it is 
simpler and more direct. 
Consider the 
combustion chamber shown 
in Fig. IV.l. The object 
is to derive an 
expression for the mean 
radial velocity at 
position X. 
Let the cylinder 
volume at this position be 
VT, the area of the section 
to the right of the chord 
at X be Ax' the chamber 
height at X be hx and the 
bore area be AS' 
Let the piston move a 
very small distance dh in 
time dt. The volume change 
in the sector at X is 
given by Ax.dh. I 
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The volume ejected however is less than this due to a reduction 
in total cylinder volume and therefore the volume ejected is given by:-
AB • dh Where: 
----
A • dh 
x h = h if h = h m s x x 
VT 
Ax • dh • e - P'B h m ) = 
VT 
or if h t h 
x s 
h = (A • h + (A - A ). h )/A 
m s s x s x x 
This is the volume of charge that is transferred from the squish 
side across the chord at X (in time dt). 
The mean radial velocity is therefore the volume flow rate divided 
by the effective flow area. 
Ur = Ax . (1 - AB • h m ) . dh 
'WeTT VT dt 
i.e. U = Ax • Up • (1 - AS h ) r m 
Aeff VT 
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where U = r Mean radial velocity 
Up = Piston velocity 
Ax = Area on squish area side of X 
AS - Area of bore 
hm = Mean height as defined 
Aeff = Effective flow area 
= hx x chord length 
This expression can be used to calculate the mean radial velocity 
at any location in the chamber. If, for example, the squish velocity 
is required, we would replace U
r 
by Us, hx by hs and Ax by As to give: 
Us = As· Up (1 - AS • hs ) 
Aeff VT 
where Us = Squish velocity 
A = Squish area s 
hs = Squish height 
If we want to calculate the squish velocity for a bowl in piston 
design then, Aeff is replaced by 21T rb . hs • 
IV.3 Calculated Radial Velocities - Results and Discussion 
The expressions derived above were used to calculate the theoretical 
radial and squish velocities for both bowl in piston and concentrated 
squish type (in the form of a sector of a circle and referred to as 
sector type squish) chambers. Tho results are presented and discussed 
with the object of illustrating the effect of design and operating 
parameters on the squish motion. 
Fig. IV.2 shows the variation of squish and piston velocity and 
volume flow rate (out of squish zone into bowl) with crank angle for a 
50% squish area S.I.P. design with 1 mm bumping clearance and at an 
engine speed of 1000 rpm. Although the results are only plotted up to 
TDC, the magnitude of these variables will be the same after TDC as 
those shown for crank angles before TDC, although of course they will 
be of opposite sign. 
It can be seen that the squish velocity reaches a maximum value 
of 5 mls at about 10 deg. BTOC and then reduces rapidly to zero at 
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TOC due to the zero piston speed. It is helpful to compare the squish 
velocity values with the maximum piston speed of 3.8 mls occuring at 
about 80 deg. BTOC. Also, although the squish velocity reaches a 
maximum value at about 10 deg. BTOC, the maximum volumetric flow rate 
occurs at about 32 deg. BTOC as shown, the reason for the difference 
being the effect of reducing squish height. Since the maximum charge 
activity will probably be affected by both the intensity and quantity 
of air movement, it is reasonable to assume that the maximum squish 
effect will occur at about 20 deg. either side of TOC. Therefore, the 
maximum charge activity due to squish approximately coincides with the 
crank angle at which combustion would normally be expected to occur. 
Fig. IV.3 shows the variation in mean radial velocity with radius 
for both B.I.P. and sector type squish chambers. Inspection of the 
graphs shows that the calculated velocities in the squish area increase 
rapidly from zero at the chamber wall to a maximum value at the squish 
edge face. This value is the squish velocity. 
The mean velocities calculated for the main part of the combustion 
chamber are much lower than the squish velocity and reduce to zero, 
either at the cylinder wall for the sector type or in the centre for 
the bowl in piston. The large reduction does not imply a sudden 
reduction in the charge velocity but suggests that a reverse flow will 
occur on the opposite face, therefore establishing a vortex type motion 
as shown in the small sketches in Fig. IV.3 
The variation of squish velocity with squish area and bumping 
clearance is shown in Figs. IV.4 and IV.5 respectively. As one would 
expect, increasing the squish area results in an almost proportional 
increase in the calculated squish velocities and (although not shown) 
a directly proportional increase in volumetric flow rate. For the two 
designs considered, a sector type squish design results in higher mean 
velocities than a B.I.P. chamber due to the smaller flow area for the 
former design. 
Large increases in squish velocity are also predicted for reduced 
bumping clearance, especially for values less than about 1 mm. Fig. IV.5 
shows that reducing the bumping clearance from 1.5 mm to 0.5 mm would 
about double the theoretical squish velocity for the eame crank angle. 
Another effect of reduced bumping clearance is that the crank angle 
for maximum squish velocity moves nearer to TDC. 
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Although reduced bumping clearance results in much higher 
velocities,the value of the volumetric flow rate is only slightly 
increased. Therefore it is likely that a large squish area/bumping 
clearance combination would result in higher charge activity than a 
small squish area/bumping clearance design. Furthermore, production 
engines would not normally be considered with bumping clearances of 
less than I mm due to manufacturing tolerances. 
other design features such as compression ratio, connecting rod 
length and bore to stroke ratio have little effect on the squish 
velocities for the practical range of values considered. 
Finally, it should be emphasised that the results presented above 
assumes no piston rin~ blow-by and ignores "parasitic" volumes such as 
the crevise volume above the top piston ring. These effects will 
tend to reduce the squish velocities prior to TDC but a method of 
accurately predicting blow-by during the combustion period is not 
available. 
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V.3 Calculation of Unburnt Charge 
Composition 
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APPEr~DIX V 
V.l Introduction 
This appendix gives details of the expressions and procedures used 
to calculate the composition of the burnt and unburnt charge compositions. 
Two computer program segments, namely EBURN and RESIDUL (listed in 
Appendix VIII), are used for these calculations and form part of the 
computer simulation programs described in Chapter 6. 
For this work, the fuel was taken to be ISO-octane (CSHlS ) and 
the working fluid was assumed to be fully represented by 12 constituents, 
namely (C02 , CO, N2 , H20, O2, H2 , NO', 01-1, H, 0, Nand CaHIB - latter 
term for reactants only). In addition, several assumptions were made 
as follCilJJs:-
a) Chemical equilibrium is achieved for all the constituents at 
gas temperatures exceeding 1600oK. At temperatures below 1600oK, 
the composition remains frozen at the value corresponding to 1600oK. 
b) The state proprHties and species concentrations of the charge 
are completely homogeneous (i.e. no flame quenching and temperature 
variations) • 
c) The constituents behave as ideal gases. 
These assumptio~s, whilst not being strictly true, considerably 
simplify the computations and should allow reasonably accurate results 
to be obtained for the purposes of this stujy. 
V.2 Calculation of Equilibrium Composition 
It is found that at high temperatures, chemical reactions can proceed 
in both directions, being both exothermic and endothermic. Chemical 
equilibrium is achieved when the forward and backward reactions are 
equal. 
Consider the reaction 
a moles A + b moles B ~ c molos C and d moles 0 
-..c-
It can be shown (e.g. ref 71 ) that the ratio of the 
constituents at equilibrium is given by:-
c d 
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K =(Pr) .(PO) 
- (V.l) 
a b 
(PA) • CP B) 
Where: K is the equilibrium or dissociation constant and for 
a perfect gas is a function of the temperature only. 
p is the partial pressure of the constituent being 
considered and is given by:-
• p 
- (V.2) 
Where: P and nt are the total pressure and total number of 
moles respectively. 
In most cas33, and certainly when a large number of chemical species 
are being considered, it is necessary to use a computer to solve the 
non-linear equations. In this work, the computational method developed 
by Brinkley( 99 ) and later described by Phillips and Orman( 9 ) and 
Jamas( 10 ) was used. 
The method basically involves selecting "independent components" 
of the mixture lui th the romaining species being then regarded as "deriv8d 
constituents 'l • The independent components must fully define the overall 
system composition and will generally be equal in number to the chemical 
elements present in the system (in this case four). 
The solution of the equilibrium equations is considerably shortened 
if the species with the greatest probable concentrations at equilibrium 
are selected. Three species which can be readily identified are CO2 , 
N2 and H20 whilst the fourth species would be CO or 02 for rich and weak 
combustion respectively. 
Since the model was required to cover the full range of equivalence 
ratios, it was decided to follow the example of James and use 2 sets of 
equations, applicable to either rich or weak mixtures. Numbering the 
species 1-4 for the independent components and 5-11 for the derived 
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constituents, ltJe obtain the species numbering system shown in Table V.1. 
This system will be used throughout the rest of this section. 
_._-
SPECIES ¢ .> 1.0 rJ <: 1.0 "TYPE" 
NO (RICH) (WEAK) 
1 CO2 CO2 ..... 
2 CO 
°2 ,.. Independent 
3 N2 N 
Components 
2 
4 H2O H2O ... 
5 
°2 CO 
... 
6 H2 H2 
7 NO NO 
8 OH OH ~ Derived Constituents 
9 H H 
10 0 0 
11 N N 
... 
TABLE V.l 
SPECIE NUMBERING FOR RICH AND WEAK MIXTIJRF: RANGES 
The chemical equations by which each of the derived constituents 
may be formed from the independent components can now be written. 
For rich mixtures we obtain:-
a) O2 --- 2C02 - 2CO -
b) H2 --"- H2O + CO - CO2 -..-
c) NO --"- J-N + CO 2 - CO ....".- 2 2 
d) OH -- 1- H2O + 
1_ CU - ~'CO (V.3) 
---
2 2 2 -
e) H 
---
-} H2 0 + .l. CO - .l.CO .....-- 2 2 2 
f) 0 .->- CO - CO ...... - 2 
g) N -->- 1. N ...,-- 2 2 
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Whilst for weak mixtures 
a) CO ~ CO 2 - -to 2 
b) H2 ~H20 - -to 2 
c) NO ~'}N2 + -t O2 
d) OH .:¢: -tH2O + t 02 - (V.4) 
e) H ~-tH20 - t O2 
f) 0 ~-t°2 
g) N -IN 
--- -:r 2 
The amount of derived constituents (nS to nIl) can now be 
expressed in terms of the independent components using the general 
expressions for the equilibrium constant K(V.l) and for partial pressure 
(V.2). 
For ri_ch mixtures 
a) K5 (p/nt )-l 
2 -2 
n5 = . n1 n2 
b) K6 -1 n6 = n1 . n2 . n4 
c) K7 (p/n t )-! -1 ! n7 - n1 . n2 n3 
(P/n
t 
)-! ! 1 .1. d) n . KS n1 -2 n4 2 (V.5) = . n2 -S 
1 1 
-t J •. e) ng Kg (P/n t )-2 -2 n2 n4 2 = n1 
f) KID (P/nt )-l. 
-1 
n10 = n1 . n2 
1 
.1. 
= Kll (P/nt )-2 n3 2 g) nIl . 
and for 
a) n5 
b) n6 
c) n7 
d) nS 
e) ng 
f) nlD 
g) nll 
I!Jhere: 
weak mixtures 
1 1 
K5 (pint )-"2 nl 
-2 
= . n2 
1 1 
= K (Pint )-2 n -2 . n4 6 2 
! 1.. 
K7 n2 n3 
2 
= . 
1 1.. 1.. 
KS (Pint )-4 n2 4 n4 2 = 
3 1 
-} 
Kg (p/nt )-4 -4 n4 -- . n2 
1 ! 
= KID (p/nt )-2 n2 
1 ! 
= Kll . (Pint )-"2- n3 
P is the total pressure of the system 
nt is the total number of moles of 92S in the 
equilibrium mixture 
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-
(V.6 ) 
K5 - Kll are the equilibrium (dissociation) constants. 
For the purpose of these calculations, perfect gas behaviour 
is assumed, resulting in the equilibrium constants being a function 
of temp8ratu~e only. The value of K is not di~ensionless and the 
actual values depend on the actual partial pressure units used, these 
usually being expressod in terms of atmospheres. Also, the value 
of K is dependent on the exact form of the chemical equation. For 
instance:-
H2 + 1 °2 
-~ .... H2O -2 ....,,-~ 
and 
2H2 + 
°2 
......:... 2H2 D -.:-
would produce different equilibrium constants. 
The equilibrium constants used in this study are given in Table V.2 
and are expressed in units of atmospheres. These values were obtained 
from the data given by Lichty( 17) which for this work has been 
expressed in the form:-
= a - biT 
SPECIES 
No 
5 
6 
7 
8 
9 
10 
11 
PARTIAL PRESSURES IN ATMOSPHERES 
(FROM LICHTY-REF 17 ) 
LOG1o K = a - biT 
RICH MIXTURE (~;;: 1.0) WEAK MIXTURE (~<l.o) 
'--.. 
SPECIE a b I SPECIE a b , 
-I , 
O2 8.778 29055 CO ,~. 3890 14528 I , 
! 112 * * H 3.0600 13170 I 2 
NO 5.050 19256 NO 0.6615 4729 
OH 4.441 15930 I OH 2.2465 8666 
H 2.166 10399 H 4.6600 18413 
0 7.875 27761 0 3.4855 13234 
N 3.484 19065 J N 3.4840 19065 I 
* For K6 (rich) use K = (0.102 + e (21.77 - 3.158 x In(T) ) 
TABLE V.2 
EQUILIBRIUM CONSTP,NT (K2 EQUATION COEFFI.u..s.~T§. 
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T is the temperature, a and b are constants and this equation 
o is applicable over the temperature range 1500 - 3000 K. 
An exception to this was the value of K for H2 in the rich mixture 
range defined by equation (V.5b). For this, K was given by 
K (21.77 - 3.158 x In(T» 0.102 + e 
this being obtained from Ref. 
A further set of equations based on the Conservation of Mass for 
the independent components may also be written. For rich mixtures, 
using equations (v.3a) - (V.3g), we get 
a) nl - ql - 2n5 + n6 - n7 - -tn + -tn - nlO 8 9 
b) n2 q2 + 2n - n6 + n7 + 
1 _ .l.n 
+ nlO = "2nS 5 2 9 
-
c) n3 q3 - -tn 1 = . 7 - "2nll 
d) fl4 q - n6 J-n 1 - - "2ng 4 2 S 
Whilst for weak mix~ures, using equations (V.4a) - (V.4g), we 
obt.ain 
8) nl = q - n5 1 
b) q2 + '~n 1 - 1.-n inS + 1 1 n2 = 2 5 + "2n6 2 7 - tng - 2fIl0 
-
c) n3 q3 _ J.-n 1 = 2 7 - "2nll 
d) n4 q - n6 
1 _ .l.n 
= - "2nS 4 2 9 
(V.7) 
(V.s) 
Where ql - q4 represent the number of moles of each independent 
component in the absence of all derived constituents, these values 
being readily calculated from the known composition of the unburnt 
mixture. Details of the calculation of the unburnt mixture composition 
including the expressions for calculating 
in Section V.3. 
the q values are given 
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We have 12 unknowns (nl - nll and nt ) and so far have only obtained 
11 equations. A further equation is therefore required and this is 
obtained from the definition of n
t 
:-
= (V.g) 
These equations are solved using subroutine EBURN, a listing of 
which is given in Appendix VIII. Basically, the solution procedure 
is as follows:-
a) The equilibrium constants for the specified mixture 
temperature ar3 calculated using the values given in Table V.2. 
b) A first estimate of the number of moles of each of the 
four components nl - n4 and total number of moles nt is then 
made. (The initial values were set equal to the previously 
calculated mole fractions)~ 
c) The values of the derived constituents, n5 - nll , are then 
calculated, based on the estimated independent components, using 
equations (V.5) or (V.6). 
d) The number of moles of the independent components are then 
calculated from equations (V.7) Dr (V. B), using the values 
calculated in step (c) above. 
e) A check on the accuracy of the assumed values of the independent 
componsnts used in step (c) is then made. If these had been 
correct, agreement with the number of moles calculated in step (d) 
would result. Generally, this would not be the case and therefore 
steps (c) to (e) are repeated, using a more accurate estimate 
of the independent components until the results agree to within 
0.05%. 
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V.3 Calculation of Unburnt ~harge ComEosition 
The unburnt charge is regarded as a homogeneous mixture of 
humid air, gaseous octane fuel and residual exhaust gases. The 
specific humidity of the air, denoted by ~), is specified as data 
and was usually taken to be 0.8%, corresponding to a relative humidity 
of 55% at an air tempe rature and total pressure of 20 0 C and 1 Bar 
respectively. 
The exhaust gas residual fraction r~ is specified as data and was 
r 
normally taken to be 7%, a value used by Ref. 10. (This simplification 
is acceptable for the present study since parameters such as throttle 
opening t valve timing etc which greatly affect the exhaust residual 
fraction were not considered. Although compression ratio, equivalence 
ratio, combustion rate etc would cause a change in M , this would tend 
r 
to be relatively small over the range considered. The predicted 
effect of exhaust residual fraction is illustrated in Section 6.4). 
The mass fractions of the fresh charge constituents are given by~-
Ma = (1 - ~1 )/(1 + U) + P'/15. 06) -(V.IO) r 
Mf = M x ¢ /15. 06 -(V.ll ) a 
Mv = Ma x G..,) -(V.12) 
Mo2 = ~1 x 0.233 -(V.13) a 
Mn2 _. Ma x 0.767 -(V.14) 
Where:- Ma = mass fraction of dry air 
Mf = mass fraction of fuel (CSH1S ) 
Mv = mass fraction of water vapour 
Mo2 = mass fraction of oxygen (02 ) 
Mn2 = mass fraction of nitrogen (N2 ) 
Mr - mass fraction of residual 
W = specific humidity 
¢ = equivalence ratio 
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The residual gas composition is calculated using the equilibrium 
subroutine EBURN, described in V.2, assuming a temperature and 
o pressure of 1600 K and 1 Bar respectively. Before this calculation 
can proceed, it is necessary to assign values for the number of moles 
of the independent components in the absence of the derived constituents, 
namely ql - q4 as shown in equations (V.?) and (V.B) 
The combustion equation for octane, air and moisture in terms 
of ql to q4 is:-
(C SH1S ) + 12.5 (02 ) + 12.5 x 79.0 (N2 ) + 12.5 x 32.0 x W (H 2O) 
¢ ¢ 21. 0 ¢ x lS.O x 0.233 
(CO (rich) or) - (V.IS) ~ ql • (C02 ) + q2 O2 (weak) + q3(N2 ) + q4(H2O) 
The values of ql - q4 for rich mixtures, are then given by: 
a) ql = 2nD - 17nC H 2 S IS 
b) q2 = -2n + 25nC H O2 S IS 
- (V.16) 
c) q3 = nN 
2 
d) q4 - nH 0 + 9 2 CSHlS 
Whilst for wea'-( mixtures:-
a) ql = 8 n CSHlS 
. b) q2 = nO - 12.5nC H 2 S 18 
- (V.l7) 
c) q3 = nN 
2 
d) q4 = n H2O 
+ 9 n 
CSHlS 
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Where: nN = 12.5 x 79.0 
2 ¢ x 21.0 
nH 0 = 12.5 x 32.0 xUJ 2 ¢ x lS.o x 0.233 
nO = 12.5 
2 
-r 
n 
CSHlS = 
1.0 
Note that the values of ql - q4 as given by equations (V.16) and 
(V.17) are in terms of moles of the constituent per mole of fuel. 
These values are used by subroutine [BURN to calculate the 
residual exhaust gas mass and molar fractions. If Mp and MR denote 
the mass fractions for the residual and unburnt charge resp8~tively, 
we then obtain:-
a) MRI = M Mpl r 
b) MR2 = M Mp2 r 
c) MR3 = M Mp3 + Mn2 r 
d) ~lR4 = M Mp4 + M r v 
e) MR5 = M Mp5 + M02 r 
f) ~IR6 = M Mp6 r 
- (V.le) 
9) MR7 -- M Mp7 r 
h) MR8 - ~1 M r pS 
i) MR9 = M Mp9 r 
j) MR10 = ~1 Mplo r 
k) MRll -- M Mpll r 
1» MR12 = ~lf 
Where . M , ~ln2' M , M02 and Mf are as previo~sly defined, . r v 
and sp3cies (2)and (5) correspond to CO and O2 respectively. 
Having obtained the mass fractions, these can be readily converted 
to mole fractions using the molecular weights specified in Appendix VI. 
The calculation o~ the unburnt charge composition using the 
expressions given is performed using subroutine RESIDUL, a listing 
of which is given in Appendix VIII. 
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APPENDIX VI 
The working fluid in the combustion chamber of an I.C. engine is 
a complex mixture of chemical constituents, the composition and 
properties of which are continually changing. For the purposes of the 
computer simulation model described in Chapter 6, a means of evaluating 
the mean properties of the mixture during the cycle was required. The 
purpose of this Section is to present the thermodynamic data and expressions 
used to obtain the charge properties. 
The mixture was assumed to be fully representated by 12 constituents 
(namely, CO 2, CO, N2 , H20, O2, H2 , NO, OH, H, 0, Nand Cs HIS - latter 
term for reactants only), the actual molar/mass fractions being calculated 
using computer segments EBURN and RESIDUL which are described elsewhere. 
A further assumption was that the constituents behave as ideal gases 
with properties independent of pressure, this assumption being 
reasonably true for most gases. 
It should also be noted that mixture properties can bo evaluated 
using different approaches and that the properties can be expressed in 
terms of molar and/or mass units. The expressions presented here are 
representative of those used in the computer program (listed in Appendix 
VIII), for alternative expressions, text books such as ref. 
should be consulted. 
All properties are calculated relative to the standard reference 
condition of 29S.1SoK (250 C). 
Specific Heat 
The molar specific heat at constant pressure, Cp, for each species 
is approximated by a pair of sixth order polynomials over the temperature 
ranges 273 - 20000 K and 2000 - 60000 K. Hence, 
C pk = a 
which is 
i 
C pk = 
i 
+ a1 . X + 0 
equivalent to 
... 6 
?-=: a. x 1 
= 0 
8 2 
i 
2 
x 
- (vr.1) 
Where a. are the relevant polynomial coefficients 
1 
x = T x 10-3 
k = Species number (1 to 12) 
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The polynomial coefficients used for the 2 temperature ranges are 
listed in Tables VI.1 and VI.2 and have been obtained from Ref. 
The coefficients shown would give C in units of kcal/kmol K and p 
therefore to obtain SI units of kJ/kmol K, the expression should be 
multiplied by a conversion factor of 4.1868 as shown at the top of the 
tables. 
For the majority of the calculations, a mean value of C over a p 
temperature range T1 to T2 is reguir5d. 
is given by 
The mean sp8cific heat, f , p 
c 
P = 
C • dT p - (VI.2) 
Since C is expressed as a function of T in terms of a polynomial 
P 
shown in equation (VI.l), it is easy to integrate to give 
i 
--
6 
C = ~ a. P i 0 1 = 
(i+1 ) 
x + Constant - (VI,3) 
(i + 1) 
If the upper and lower temperature limits, T2 and Tl respectively, 
both correspond to the same polynomial temperature range, then the 
value of C can be evaluated using (VI.2) and (VI.3) directly. If p 
however this is not the case, C must be evaluated in 2 stages viz. 
P 
( T2 2000 ) C I f CP2·dT f CPI c dT - (VI.4) = (T2-T1 ) + p 
2000 Tl 
where CP2and CPI correspond to the upper and lower temperature 
range polynomial equations. 
Although C can be evaluated directly using (VI.4) a reduction in p 
the computation necessary can be obtained by using the following approach:-
TABLE VI.1 
SPECIFIC HEAT {Ce~ 
POLYNOMIAL EQUATION COEFFICIENTS 
Cp = (ao + a1 • x + a 2 • x 
2 3 4 5 
+ a6 • x
6 ) x 4.1868 kJ/kmo1 K + a 3 • x + a 4 • x + a 5 • x 
No SPECIES a a1 a 2 a 3 a 4 ~ a6 0 
1 CO2 4.324933 20.808950 -22.945910 16.84480 -7.93567 2.12167 -0.240087 
2 CO 7.812249 -6.668293 17.282960 -17.28710 8.86013 -2.31482 0.24478 
3 N2 7.709929 -5.503897 13.121360 -11. 67960 5.23400 -1.17319 0.10388 
4 H2 O 7.988860 -1. 506271 6.661376 -4.65597 1. 69646 -0.37062 0.03992 
5 O2 7.361141 -5.369589 20.541790 -25.86530 15.94570 -4.85889 0.58615 
6 H2 6.183043 4.710657 -10.921360 12.54090 -7.01626 1. 92340 -0.20841 
7 NO 8.462334 -10.406690 27.548760 -30.28120 17.18510 -4.95726 0.57553 
8 OH 7.615100 -1. 936000 0.877000 2.61530 -2.69090 0.97789 -0.12695 
9 H 4.968000 0.000000 0.000000 0.00000 0.00000 0.00000 0.00000 
10 0 5.974134 -4.241883 7.931254 -7.94423 4.40336 -1.27134 0.14914 
11 N 4.966526 0.011505 -0.033335 0.04617 -0.03242 -0.01095 -0.00137 
12 C8H18 2.547740 153.635900 -13.338200 -93.77070 70.97910 -16.49590 0.00000 
TEMPERATURE RANGE: 273 - 2000 0 K 
w 
.J:"-
+"" 
Cp ~ (80 + 8 1 • X + 8 2 • X 
2 
No SPECIES 8 8 1 0 
1 CO2 8.153021 8.411419 
2 CO 5.966461 3.288911 
3 N2 5.649167 3.579035 
I.;. H2O 3.401967 9.433046 
5 O2 8.439106 -0.376523 
6 H2 4.103273 3.981784 
7 NO 6.590193 2.604241 
8 OH 4.946400 3.264500 
9 H 4.968000 0.000000 
10 0 4.743426 0.480906 
11 N 4.845706 0.080796 
TABLE VI.2 
SPECIFIC HEAT {CE2 
POLYNOMIAL EQUATION COEFFICIENTS 
3 4 5 6 
+ 8 3 • X + 8 4 • X + 8 5 • X + 8 6 • X ) X 4.1868 kJ/kmo1 K 
8 2 8 3 8 4 8 5 
-4.795179 1.54313 -0.28312 0.02766 
-1. 660467 0.47645 -0.07854 0.00696 
-1. 794312 0.51213 -0.08419 0.00744 
-4.067415 1.04985 -0.16202 0.01377 
0.621716 -0.19235 0.02900 -0.00236 
-1.426509 0.26927 -0.01866 -0.00081 
-1.291210 0.36511 -0.05937 0.00519 
-1.202600 0.25849 -0.03184 0.00207 
0.000000 0.00000 0.00000 0.00000 
-0.364666 0.12739 -0.02117 0.00171 
0.087980 -0.10425 0.03658 -0.00487 
TEMPERATURE RANGE: 2000 - 60000 K 
8 6 
-0.00111 
-0.00026 
-0.00027 
-0.00049 
0.00009 
0.00012 
-0.00019 
-0.00005 
0.00000 
-0.00005 
0.00023 
w 
+--
I.Jl 
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Let SCP 2 dT = f (T) - (VI.5) 
and 5CPI dT = g (T) - (VI.6) 
From (VI. 4) 
( [f(T)] T2 [ geT) J 2000 ) C 1 + = (T2- \) 2000 \ p 
c f(T 2 ) g(\ ) (f(2000) - g(2000)) = 
P 
- (VI.?) 
The term (f(7000) - g(2000)) is a constant value, denoted by 
C1 and is easily calculated for the different species. The values 
obtained are shown in Table VI.3. 
A general equation for C can now be given p 
C ~ [1 ~t (i + I) CI ] 8. . X P 1 (i + 1) i = 0 
x2 - xl 
x2 
- (VI.s) 
xl 
where a. are polynomial coefficients corresponding to the 
1 
range applicable to x 
x = T x 10-
3 
CI = Constant as given in Table VI.3 
= o for lower temperature polynomial 
The specific heat for a mixture of gas calculated from:-
c = LCpk p - (VI.9) 
where nk th is the molar fraction of the k species. 
nt 
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TABLE VI.3 
SPECIFIC HEAT POLYNOMIAL INTERGRATIoN CONSTANTS 
No SPECIES CI 
1 CO2 1. 08078 
2 CO -0.16134 
3 N2 -0.31135 
4 H2O -1.61502 
5 O2 0.93325 
6 H2 -1. 31135 
7 NO -0.00303 
8 OH -0.97955 
9 H 0.00000 
10 0 -0.31740 
11 N 0.15448 
12 C8H 18 0.00000 
TABLE VI.4 
MOLECULAR WEIGHT AND ENTHALPY OF FORMATION DATA (FROM REF. 10 1 
No SPECIES M Hf (298.15K) m 
(kJ7k mol K) 
1 CO2 44.011 -393785.0 
2 CO 28.011 -110603.0 
3 N2 28.016 0.0 
4 H2O 18.016 -241989.0 
5 O2 32.000 0.0 
6 H2 2.016 0.0 
7 NO 30.008 90351.0 
8 OH 17.008 39490.0 
9 H l.008 21B132.0 
10 0 16.000 249362.0 
11 N 14.00B 472962.0 
12 CBHIB 114.232 -2242B7.0 
I 
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Equations (VI.B) and (VI.9) are combined into a single function 
called CPMEAN which gives the mean molor specific heat for a specified 
temperature range and mixture composition. 
from 
The molar specific heat at constant volume, C , is calculated 
v 
C 
v = 
C 
P 
R 
o 
R is the Universal Gas Constant and has a value of 8.3143 
o 
- (VI.9) 
kJ/kmol K 
The ratio of the specific heats is denoted by ~ and is defined as 
C 
-12. 
C 
v 
-(VIoIO) 
It is often more convenient to deal in units of mass rather than 
molar qua,lti ties. In this case the specific heat is denoted by c 
and is defined as 
c = c/M 
m 
-(VI.ll) 
where M is the molecular weight of the substance 
Molecular Weight 
The molecular weight values assumed for the 12 chemical species 
considered are given in Table VI.4. These values may then be used to 
obtain a molecular weight for the mixture using:-
M 
m = 
-(VIo12) 
This can then be used to determine the specific gas constant for 
the mixture using 
R = R o 
M 
m 
-(VI.13) 
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Enthalpy and Internal Ene~ 
Enthalpy values per unit mass, H, are calculated from the expression 
H = c • (T - 298.15) p -(VI.14) 
where c p is the mean specific heat for the temperature 
range 298.15 - T calculated from (VI.2) and (VI.ll) 
Similarly for internal energy, U 
U = c . (T - 298.15) v -( VI.15) 
However, when chemical reactions occur, it is necessary to 
incorporate a Heat of Formation term, Hf , to allow the overall change 
in energy to be calculated. For this case, the following expression 
is used 
H = H 1M +c (T - 298.15) f m p -(VI.16) 
Hf is the enthalpy of formation of the substance under cQ.lsideration 
at 298.150 K and has units of kJ/kmol K. The values of Hf used in this 
work were obtained from Ref. and are given in Table VI.4. 
The enthalpy of formation for a mixture can be evaluated from the 
species values using 
-(VI.17) 
Similar expressions can be used for calculating the Internal 
Energy and Internal Energy of Formation, U 
f 
U = uf/Mm + c (T - 298.15) v - (VI.lS) 
and 
Uf = LUfk nk nt - (VL19) 
The Uf values for the constituents can be obtained directly 
from the Hf values given in Table VI.4, using 
= 298.15 x 
= 2478.9 
R 
a 
Note that for most substances, the difference between Uf and 
Hf is small. 
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APPENDIX VII 
VII.l General 
The purpose of this appendix is to provide additional details of 
the geometrical simulation model described briefly in Section 6.3. 
In particular, the method and some of the expressions used for 
determining the burnt volume and surface areas for a range of 
combustion chamber designs, are described. Additional details 
of the expressions can be obtained from the program listing presented 
in Appendix VIII. 
The values of the required parameters are usually determined by 
using a numerical integration method. This allows a large range of 
designs to be modelled and is relatively accurate and efficient in 
terms of computer requirements. 
A general description of this method applied to a cylindrical 
disc chamber is presented in Section 6.3.3. Sections 2 to 4 of this 
appendix describe how this technique has been adapted to model squish 
type combustion chambers and dual ignition designs. 
A further extension of the model was to include for the effects 
of cylindrical shaped valve type recesses. Details of how these 
can be simulated are given in Section VII.5. 
Finally, it should be pointed out that in an effort to reduce 
computer time to a minimum, exact spherical relationships are used 
where possible. These expressions can be employed providing the 
flame front is circular at all cross-sections about a central axis, 
i.e. a solid of revolution. 
Fig. VII.1 sho~s the general case of a parallel slice through 
a hemisphere of height h. The radius of the sphere is R and the radii 
of the top and bottom flat surface areas denoted by a and b 
respectively. The enclosed volume V and curved surface area S are 
then given by 
v = 
s 
If. h 
6 
2lfR.h 
+ -(VILl) 
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It can be seRn from Fig. VII.l that these expressions can be used 
in all cases where the flame front is solely restricted by the flat 
perpendicular faces of the cylinder head and/or piston crown. They 
cannot however be used where the flame front has either come into 
contact with a vertical cylinder or piston wall or alternatively has 
intersected wfrh a second flame front (dual ignition case only). 
In addition to calculating burnt volumes and surface areas, 
equations (VII.l) and (VII.2) are also used to permit hemispherical 
spark plug recesses to be modelled. These recesses are positioned 
with the spark plug electrodes at the centre of curvature and 
allowances are made for spark plug axial location. 
VII.2 Concentrated S~ctor Type Squish Desi~ns. 
These designs are characterised by having either one or two 
squish areas built into the cylinder head in the form of sectors 
of a circle. Four designs, namely types 2 to 5 have been modelled 
and the general arrangements of these are shown in Figs. 6.6 and 6.7. 
The types 4 and type 5 designs are specific cases of the types 
3 design. Since the type 3 can be used to simulate the full range of 
parameters, there is strictly no need to bother with the type 4 and 
5 designs. However, the latter two designs were developed prior to 
the type 3 and therefore these have been allowed to remain in the 
model. An additional reason for leaving these in the model is that 
they should be slightly more efficient than type 3 regarding computer 
run time. 
The type 2 design has two sectors at 90 0 to each othel in the 
form of a Vee. This design was modelled mainly due to the fact that 
this shape corrosponds to some of the experimental squish plates 
used in this and other studies at Loughborough. Of the four types, 
this was the most difficult to model. 
The general arrangement and important parameters defining the 
shape of a single sector is shown in Fig. VII.2. The size of the 
sector is specified in terms of percentage squish area and therefore 
it is necessary to calculate the angle Q so that all other dimensions 
can then be determined. 
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From simple geometry, referring to Fig. VII.2 it is possible to 
wri te:-
A 
s = 
2 ( 1. RC. 9 - 2 Sin 29) 
Since the percentage squish area SQ is defined as:-
SQ = 100 x A / "IT.RC 2 s 
we finally obta~n 
SQ = 100 x (9 - i Sin 29)/ "IT -(VII.3) 
Equation (VII.3) is an implicit equation in Q and can only be 
solved using a numerical method. In the model described, 9 is solved 
using an iterative process. 
Having calcu13ted 9, the other dimensions can then be readily 
determined. Referring to Fig. VII. 2, we can write 
PERP = RC. Cos 9 - RS -(VII.4) 
PERPO = RC • Cos 9 + RS -(VIL5) 
Spy 
= RC . Sin 9 -(VIL6) 
RM = j PERp2 + Spy2' -(VIL?) 
RMD = / PERP02 + Spy2' -(VII.B) 
The above values are calculated using subroutine DIM. No~ that 
for the type 2 chamber, the value of SQ used in equation (VII.3) is 
only one half of the total specified percentage squish area. 
The burnt volume and area parameters can now be calculated using 
subroutine SAVOL. The method used is basically the same as that 
described in Section 6.3.3 for the disc type chamber although the 
expressions used are different and less general. 
To illustrate the computational method employed for concentrated 
squish type chambers, two Cases corresponding to the type 4 and type 5 
designs will be considered. For details of the other cases, the 
reader is referred to the program listing in Appendix VIII. 
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Type 4 
Fig. VII.3 shows the general arrangement of the type 4 design at 
a specific axial location. For any given radius R, three distinct 
zones are encountered:-
R <: PERP Proceed as for the disc chamber 
(See Section 6.3.3) 
PERP < R <. RM For this region 
= C><. • 
Lf = 2. ex • 
Lb = 2 . TAN 
where l) 
0( 
and Ab 
Lf 
Lb 
R > RM 
+ 
R 
0 
= 
= 
= 
= 
= 
x TAN ~ 
cos-l (PERP/R) 
"IT - (:) 
Burnt Area for ordinate 
Flame Front Length for ordinate 
Burnt Zone Heat Transfer Length for 
ordinate 
-(VI1.9) 
-(VII.IO) 
-(VILll) 
-(VII.12) 
-(,:~ 1.13) 
For this region, simply calculate the values for a disc chamber 
and modify for the sector 
Ab = Ab (disc) A s -(VILI4) 
Lf = Lf (disc) -(VILI5) 
Lb = Lb (disc) + 2SPY - 2fl • RC -(VII.16) 
Type 5 
Fig. VII.4 shows the general arrangement of the type 5 design 
at a specific axial location. For any given radius R, three distinct 
zones are encountered: 
R -< PERPO Proceed as for disc chamber 
(See Section 6.3.3) 
PERPD < R < RMO 
For this region, calculate the values for a disc chamber and 
modify for the sector 
Ab = Ab (disc) - y. R2 + PERP02 • TAN't' 
Lf = Lf (disc) - 2'f/. RC 
Lb = Lb (disc) + 2 PERPO • TAN 'r 
Where ~ = COS-l (PERPO/R) 
RMD <: R 
As before, the disc chamber values are modified 
Ab = Ab(disc) A s 
Lf = 0 
Lb = Lb (disc) + 2 SPY 2 G • RC 
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-(VII.l?) 
-(VIL1S) 
-(VIL19) 
-(VIL20) 
-( VI L2l) 
-(VII.22) 
-(VII.23) 
The equations given above are used to calculate the area/length 
values at each of the axial ordinates as described in Section 6.3.3. 
Note that for axial locations greater than the height of the squish 
face, the values are calculated as for the disc chamber. Having 
considered all the axial ordinates, the burnt volume, flame surface 
area and the heat transfer vertical surface area are calculated using 
equation (6.31). 
The burnt zone heat transfer surface area is made up of four 
areas, namely the vertical,head, piston and squish faces. The first 
of these is calculated using the method described above whilst the 
second and third are calculated using the area values at the first 
and last ordinates. The burnt surface area of the squish face 
parallel to the piston is calculated by determining the difference in 
the ordinate areas either side of this face. 
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VII. 3 Bowl in Piston and Hemispherical Head 
A major advantage of the numerical integration technique is that 
it allows any solid of revolution cross-sectional profile which can 
be defined as a function of axial location to be readily modelled. 
Furthermore, the bowl or hemisphere axis does not have to be 
co-incident with the cylinder axis. 
In this work, both bowl in piston (B. I. P. ) and hemispherical 
head (h.h) designs have been modelled. Both single and dual ignition 
cases have been included and for the single ignition dGsigns, bowl/ 
hemisphere offset can be specified. 
For each of the b.i.p_ and h.h designs, two types of profile can 
be simulated in the present model. These profiles are shown in Fig. 
VII.5, and are as follows:-
a) B.I.P. dome. If the specified bowl corner/dome radius 
RR exceeds the calculated bowl radius RB, (based on specified 
squish area), a domed design is achieved. In this case, the 
bumping clearance is adjusted to give the correct compression 
ratio. 
b) B.I.P. deep bowl. If RR is less or equal to the calculated 
value of RBs a cylindrical bowl with corner radius RR is modelled. 
In this case, the total bowl depth is adjusted to give the correct 
compression ratio. 
c) h.h dome. This shape is achieved for low squish area and/ 
or high compression ratio's when the required dome recess is 
2 less than that for a true hemisphere i.e. 4/6 • Tr. RB. For 
this design, unlike the corresponding B.i.p. the specified 
bumping clearance is fixed and the dome radius RR and dome height 
SH are calculated using an iterative method to give the required 
recess volume. 
d) h.h deep hemispherical recess. In cases where the 
required hemispherical recess volume exceeds the value for a 
hemisphere based on RB, the chamber shape bocomes a full 
hemisphere on top of a cylinder. The height of the cylinder is 
varied to give the required compression ratio. 
The designs described above were chosen since they represent 
common shapes and because they correspond to certain shapes which 
were needed to be modelled in this work ( e.g. the B.I.P. used in 
the experimental study). Note that a true hemispheric recess can be 
achieved in both cases by specifying the correct squish area and 
bumping clearance. 
Having calculated the chamber dimensions using subroutine DIM, 
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the volume and surface areas can then be determined using subroutine 
SAVOL. The method used for these solid of revolution designs is 
basically the same as for the disc chamber described in Sectiun 6.3.3. 
The main difference is that the actual chamber radius at the axial 
location under consideration is used rather than just the cylinder 
radius. 
For example, consider the simplest case of a deep B.I.P. design 
with zero corner radius and bumping clearance BC as shown in Fig. 
VII.6. For axial ordinates less than BC + X from the head face, the 
bore radius RC is used whereas for greater axial distances, the 
bowl radius RB is substituted for RC in equations 6.24 to 6.30. 
In the present model, a bOlul/hemisphere off-set Can be specified 
so that the bowl axis and cylinder axis are not co-incident. This is 
achieved by specifying the off-set RSB in terms of the distance 
between the spark plug and bowl/hemisphere axis, thereby permitting 
the off-set to be in any direction. This is then allowed for during 
the integration calculations by using RSB rather than RS (equations 
6.24 to 6.30) whenever the ordinate being considered is inside the 
bowl/hemispherical recess. 
Additionally, the spark plug location can be at any radius within 
the cylinder regardless of the profile of the bowl or hemispherical 
recess. This means that at many axial ordinate locations, the spark 
plug radial position may be outside of the combustion chamber 
boundary. In this case, the flame front/combustion chamber relation-
ship is similar to tIle case of a cylindrical valve recess where 
the flame origin is outside of the recess volume. This type of 
situation is modelled for valve recesses using subroutine VALVE 
and therefore this same subroutine is also used for the solid of 
revolution situation described above. The expressions and method 
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used for valve type cylindrical recesses are described in Section 
VII.5. 
The only other major difference between the B. 1. P/h.h designs 
and the disc chamber is the additional surface area term due to the 
squish area annulus. This area is evaluated by determining the 
difference in the ordinate areas either side of the squish face. 
VII.4 Dual Igni Uon 
With multiple ignition, the flame fronts will initially be of the 
same shape as for single ignition but a point will be reached where 
the flame fro~ts intersect. As the flame radius increases, the 
shape of the flame front will be distorted by both the combustion 
chamber walls and by the other advancing flame fronts. It would 
therefore be very difficult to produce a model which was capable of 
simulating the geometrical parameters for a comoletely general 
multiple ignition design. 
For the model described here, the simplest case of symmetrically 
located dual ignition is simulated. The assumption made is that the 
combustion chamber is completely symmetrical about a diametrical 
axis, thus restricting dual ignition to the disc, bowl in piston and 
hemispherical head (i.e. solid of revolution) designs. Also, valve 
recesses must be placed on the axis of symmetry end bowl/hemisphere 
off-sets are not permitted. 
The symmetry assumption greatly simplifies the model since the 
flame fronts will always intersect on the axis of symmetry as shown 
in fig. VII.7. Due to the symmetry, it is possible to consider only 
one half of the chamber and then multiple the calculated values by 
a factor of two to obtain the correct results. 
Since only one half of the chamber is being considered, it can 
be seen that the same ordinate areas and lengths would be obtained if 
a 50% squish area of the sector type had been assumed. Since this 
type of chamber had already been successfully modelled (i.e. type 5), 
it was relatively easy to make Use of the same equations to cover the 
dual ignition cases. 
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Therefore, the method employed was basically the same as used 
for the type 5 chamber and this method and the expressions used are 
described in section VII.2. Only minor modifications to the type 5 
model were required to incorporate the dual ignition simulation. Bowl 
in piston and hemispherical head designs with a full range of squish 
area and cross-sectional profiles (see Section VII.3)can be modelled 
by this method since these shapes only affect the value of the 
effective cylinder radius RC in equations 6.24 to 6.30. 
VIII.5 Valve Recesses 
There were three reasons for wishing to extend the combustion 
chamber simulation to include for the case of valve type cylindrical 
recesses:-
a) The experimental pressure data was obtained from an 
engine having a significant fraction of the clearance volume 
(approx. 9%) contained within the recesses. In the interest 
of accuracy, it was desirable to take this into account during 
the subsequent heat release analysis. 
b) The incorporation of valve recesses into the model 
allows a considerable extension of the chamber shapes that can 
be simulated (see Figure 6.10). 
c) The algorithm for calculating cylindrical recess parameters 
can be used for the case of bowl in piston and hemispherical 
head design where the radial spark plug location is outside of 
the bowl or hemisphere at the axial ordinate being considered. 
(See VII.3). The use of this algorithm allowed the spark plug 
position to be specified at any radius within the cylinder. 
The valve recess volume and area parameters are determined 
using subroutine VALVE. A cylindrical rather than spherical flame 
profile is assumed for these calculations since this considerably 
simplifies the model (no need for numerical integration) and should 
only result in minor differences in most cases. The flame 
radius used is the radial component of the flame radius at the 
cylinder head which will only be equal to the actual flame radius if 
the spark plug penetration is zero. 
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Two cases have been considered in this model, namely single 
ignition and dual ignition. For both of these cases, recess diameter, 
depth and location can be specified but for dual ignition, symmetry 
about a centre-line is assumed. The expression used for the two 
cases are different and are described below. 
Single Iqnitio.!l 
Fig. VII.8 shows the valve/flame relationship, together with 
the nomenclature used, for a typical flame radius RF where (X-RV)<: 
RF < (X + RV). The problem here is to calculate the area and curve 
lengths of the figure bounded by two arcs of known radii. 
These parameters may be easily determined once the contact angles 
G and have been determined. These are given by:-
= 
-1 Sin (Y /RF) -(VII.24) 
Cos -1 (W /R V) 
-(VII.25) 
The burnt volume Vb' the flame front surface area Af and the 
burnt zone heat transfer surface area Ab are then calculated using:-
Vb = 8RF2 G Z • Y) + (RV2 • f3 - W • Y~. HV -(VII.26) 
Af = 2 G RF HV -(VI1.27) 
Ab = 213· RV HV + Vb/HV -(VII. 28) 
Note that the burnt zone surface area for the flat face, given 
by Vb/HV in equation (VI1.28) is not normally required since this 
value will already have been accounted for in the main chamber 
calculations. 
Dual Ign-iJ).on 
For the dual ignition case (described in Section VII.4) the 
symmetry assumption means that the valve recesses must be on a 
diametrical axis. This situation is shown in Fig. VII.9. It can 
be 888n that if the flame radii are less than a certain value, 
denoted by RF min, equations (VII.24) to (VII.28) multiplied by a 
factor of 2 can be used. If on the other hand, RF is greater than 
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a maximum value, denoted by RF max, the parameter values can be 
calculated from simple formula for a cylinder. The values of these 
critical radii ~re given by:-
/RS2 
, 
RF . = + (CV - RV)2 -(VII.29) mln 
\ 
RF = /RS2 + (CV + RV)2 -(VII.30) max 
The problem here therefore is to determine the equations for 
the range RF. ..:::: RF <: RF • 
mln max These are given by:-
Q = 
= [(3 + COS-l (CV/X ) J /2.0 s 
PV = 
Where Q and R are the single ignition values calculated 
s rs 
from equations (VII.24) and (VII.25). 
The volume and areas are now giv8 n by:-
Vb = ~Q • RF2 _ SIN G COS Q . RF2 ) 
+(3. RV2 _ PV • RV • COS Q (2.f3 
- IT/2}12]. 2HV 
Af = 4 Q • RF HV 
Ab = 4 f3 . RV • HV + Vb/HV 
-(VII.:n) 
-(VII.32) 
-(VII.34) 
-(VII.35) 
-(VIl.36) 
Where as in the single ignition caS8, Vb/HV will normally 
be deleted. 
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Fig VII·1 . SLICE THROUGH SPHERE OF RADIUS R 
PERP 
Fig VII· 2 CONCENTRATED SQU ISH OESIG N 
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Fig V II ·3 TYPE 4 [ HAM BE R 
Fig VII·4 TYPE 5 CHAMBER 
Q) BI P DO~1E RR:::>RB b) BIP DEEP BOviL R~RB 
c) HH DOt'1E d) HH DEEP RECESS 
VII·S B.I.P AND H.H DESIGNS SIMULATED 
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_.-lBC
r I~~ ____ ~~~R~C==~~~X 
Z 
For Z:>-(BC+X),substitute RB for RC in equations 6,24-6'30 
Fig VII·6 
I 
Fig VII·7 
S I MULA TIO N 0 F SOLI D OF REVO LUTION 
- --------------------------
DESIGNS 
Ax is of symmetry 
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~arl~t--_ I Plug 
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Intersection of 
Flame Fronts 
IN TERSECT ION OF DUAL IGNITION FL AM E 
FRONTS SHOWING SYt'1METRY ABOUT CENTRE 
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Vulve Recess of depth HV 
Florne Front Area A f __ ~ 
X 
WaH Contact Area Ab 
Fig VII· 8 CALCULA T1 ON 0 F VALVE RECESS PARAl"iETERS 
-
I 
Intersection of Flo Ie Fronts 
I Valve Recess of 
_I 
I 2e~ I 1/ .,.. 
depth HV 
- --
CV 
,// RF 
Spark P~_-_R_S ---11 .... --"""1' .. r __ R_S_-----<"""'"' spark P lug 
Fig VII·9 CALCULATION OF V/}"LVE RECESS PARAMETERS 
FOR DUAL IGNITION 
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APPENDIX VII I 
COMPUTER PROGRAM LISTINGS 
c 
c 
c 
c 
c 
c 
368 
** 
.* 
* * C () M P S r M P ~ r ~1 U L AT t c: T MEr. :) ~<\ t' ::> E <; S I rp.' I (t"l Y, gUS 1 1 U'J A ,~D EX P A '" S ION * * 
"'.,. PRO C E SSE S I 'J ASP t. R K J G \i ITT ,~.~ E', G T I~ t C PER ~ T 1 "G 0 N 1 SO - 0 eTA N E •• 
** ** 
•• *.*.**************~********w********_***~.,.**~*~********.******** 
R F A L t l , L K ~, 
o I !.\ ENS r ,; 'J Ii ~, F ( , ?) , D r~ (1 L ( , ?) I (' S II ( :; () , R 0 ) 
C 011 '.1 0 fJ I H L 0 C.' 1 I ~~ 1 , Q .~ , S Q \ , S C) t .• "\ ,\. 1 i ." ee, p ~ R ~ , ,J f ~' P r'l , R M h. M , R t-~ A I' 0, B , P 1 
C 0 t-1 '01 0 ~. I p, L ," C I 2 I Ii .. 1 J N , C I R r X I r~ 1 " I X ~ .. ~ , X I "i I ~ T , k' Sf-', S 1\ ~J , S A H , S A f.- , S A S,S A F 
C (\ ,~ !-\ 0 ~_ I f> L (' C t; 3 I S !l THE, S i'T H X , 0::, ',I ,ei: \' , ell/ I C ~ tHE;... , HIt. , "4 I 
C () t-i tJ 0 ~; / ~. l 0 C y 4 I P 'J ( 1 1 ) , P" ( , 1 ) , Q • j ( ~ ;2 ) I R :' ( 1 2) , I,.; ~~ C L ( 1 2) , u ( 4) , PHI , J C ~ 
C ('I /II -.\ 0 ~, I f; L () C:< 5 I V g , Rei I< <; , ~ S R , I) I': , ~., I' , <; H • I) n F ( 1 2 ) , T T H F. 
C ('I ~I ;1, 0 ~'1 I 2- L ('I C \:,. R I r, I .,J,' L,t< S .A • H T F • T dE, :; LOS S , T \ , l.' T , W ,~' 0 L R , E K , R U , C E F F 
C (. II \', t) ~ J / ;; L 0, r '/. Q I ~ ... T , G A f' II. ,\ R , W r. 1 
D /' T A [) !., '.) L I It I. , (l1 1 • :,. 3 , 0 'I 1 , ? i\ " , r' I .; ~ • I) 1 A , 3 i: • () (\ , 2 • "I 1 (i , 3 v • 0 0 b I ~ 7 , U ('0 8 I 1 • 
1 0 (1 8 I 1 6 • r~ (\ , 1 l; • (; (j ;: , " , 4 • 2 '3 ? I , Ii~. F / - S q '3 7 8 5 • 0 I - " IJ 6 (: 3 , I) , 0 • 0 , - i 4 1 9 E 9 , 0 _ 0 , 
;> 0 • 0 , 9 n 3 5 1 • (1 I :3 9 " 0 J . 0 I 2 1 :11 ·5 2 • ") ! 2 I.;; , ., 2 • t) , 4 7 2 q 6 Z • (: I - 2 2 4 "2 b 7 I 
C **.*****~*.***'****~.*~*~.***'k*~*~*******k***4******* ***.******~.*** 
C READ DATA(ENGI',E DFT:JLS,O~ERATI~G rnNDITICNS ANn E~PIRICAL CO~STA\TS) 
C * •• *****'*I.*k.***~t .~~* •• *.*~_w*ws~**'*R*****.*.*********~******6~*~ 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
3 R F A i) ( , I "? 3 (I ) " , PHI , 'I 0 l t F F,T !1 f " 
J r ( 'l , r Q • () • 0 ) G (J T 'J 9 9 .:; 
R fAD ( 1 , l ? C ) ~, 0 K F I .~ ~ , C R , C ? 1. , T '., r T 'J ( , T H r: f v I') 
RF'~(',7,n) ,QA,~~~,~C,Q~,RS~I~R,?HIJTOcr 
R r '" D ( 'I , '7 1 i) ) :; E X I :; T .. I H £. X , ~I I /'1 , ::: <:; r , C f V , C r 'v , 'Ii C F 
R F It D ( 1 , l 2 0 ) : \ E S , v r , p .\ T , T .< T,P 1 '.' r , T \.~ 
R f A l' ( 'I , ~. '/ II ) " I , J r ~ 
P r A r) ( 1 , 'r' 5 " ) ~. U E F I ': ': F F I I( T Ii 
~I :: r N Ci I ~J ESP E I: D ( R F. If I 1,1 1 !oJ ) 
If f) L ( r F :: V I' L U i·1 ;: 1 R I ( r: r t: ( Z ) 
n t) \.1 E :; C v l 13 (\ ~ ~ ('.1 r)' ) 
C R :: C ,) I·- P P fo, T 1 ' 
TfHlvC:: 1.V.C.A(OF'i) 
SQA = SQ~ISH A~EA 1(~) 
[; C :; BUt I PI' Gel, EAR A " C f. ( M ~' ) 
R i< = pIS TO', A 0 I,,' L R ~ I) 1 US ( tHO 
JT0CC = TY~F OF CHA~nE~ 
REX:: EX Vf,LVE QFCt'):; IU\D(-l,q 
C [; If = E X V t. LV E I "Y t s r I"S T ( '~ '., ) 
H V :: D r: Pili 0 F '. A LV f. ~; t C ( r~ ,~ ) 
RES = ~ESltUAL GAS F~ACTI0~ 
PAT :: AT~O~PHE~lC D~cS~(8A~) 
TW = CYL W~LL TEMP(~~G <) 
NI : hO OF 11E~ATlr~s 
T U R F ~ T U R B F L A II, E :" J I TIP l I !; ~ 
R In:: r U L L Y T U ::: B U L t .~ 1 ~ A D (, .~) 
Pl=3.~4159 
TL=298.15 
R l ;: 8 • 31 i. 3 I 4 . , 86 P; 11 0 i) t') • 0 
EIBV=L.O,O 
AKL~V=5).1) 
W["OD=O.O 
OfLP='.O 
A'n~::O.94~ 
~Hr = FQUJVALE~C[ ~AT10 
·f d r 5 = I G >,1 1 T ! c) " i J !,~ 1 ': G ( D f: G Al DC) 
s T = <; T R 0 K E ( !,' ~1 ) (' in :; C 0 \ R r) l) L E .\ G 1 H ( n '-'1 ) 
1MFE.0 = E.V,C,A(0EG) 
CJR :; SQUISH AREA 2(%) 
~s :: SDA~K PLUG/~YL AXlS,DIST(N~) 
~~ = PLUG PE~fTRAT10\(MM) 
'i (H: V t.. L v ~ 0 F ~ ~ E 1 ( 'r ~q 
;.( !~! := 1 N 1/" LV!: R c C f: S S R A D ( ~. M ) 
r I \1 = 1 N V t, L \j E I " I. I S DIS T ( r-~ ,.l ) 
~SP = RADIUS OF SPAR( PLUG qECESS(MM) 
vF :: SPECIFIC HU~lnlTY 
'!' -\ T :: A T I.~ ") S P tl F RIC 1 E 1-\ P ( D E G K) 
l(~ :: MAX lOOP COUNT 
~~FF :: CO~B EFF COEFFICIENT(%) 
IH=~nRF/2.0 
SPA~K-3f,O.O-THFS 
PRF.'"I:i=RF<\*1C10.1) 
PMA=WF*100.r. 
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C ** •• ******·.~**.*******~****k******~*.************.*** **************** 
C C .~ l. C I I I "T E C Y L 1 '- ~ F. R '"' FAD D t '-I F N S , () ~J " 
C ** •• ******.***+*****.*~*.***.**~**~*******+****.************ •• ******* 
F:Q=CRI./(~T/?O) 
t~(JTOCC.('E_7)VO~=O.O 
IH::PI*RC*QC 
CI VOl =BII.*ST /(CR-1. 0) 
"\'=RS+V()~ 
XTN=~QRT(SV**?+C,~**2) 
X~X=SQQT(SV •• '.c~v**2) 
C " L L 0 I ~,' 
~O={SOA+S08)*1I)O O/BA 
~~A=SAW+SAP.SAH.S~S 
C .*~***********.**********.**.~*.**'.************'*******.*.********** 
C r " I. C " I. A T F. ~q X T ' : R E C 0 q p !) SIT T t1 "l 
C .*+*******.***.*******~*~***~~****ff*******.***k*.*"*** ****~*******.** 
0(') ~2 1=1,1;> 
UnF(T)-~nF(I)-247R.9 
?? WwOL(J)=I)~OL(t) 
A~R=1S.1/PHf 
RAT=PAT/TAT/O_2871/1000~,n 
R~OAT=QbT*1.I)F+OI, 
CAl L R~Slf'lUI (qf~."'JF) 
IJ r'l t , \J I) , fi Q , IJ ,. , W 1>1 0 I Q = 0 • f) 
Dn 6~ T::1,17 
W 0 T T t ( 2 . 7 Q 0) Q N ( T ) • R Po, ( I ) 
I J R = U R + U r) J: ( I ) I 1 .•1 ..., 0 I ( I ) * P M ( T ) 
4o=HR+W~~(1)/wMnl rT)*RM( I) 
f, I') IJ ~, f) L R :: \,J '.1 0 '- Q ~ ~ ~J ( 1 ) "" W : I 0 L ( T ) 
R II = ? . 3 1 L. 3 I w :.~ 0 I R 
l.JAIR=VOt rFF .. ST*RA*R"T/1()().O 
W I I R ::: W A 1 ;~ 11 ( 1 . 0 ~ W 1= -+ 1 • I) I A 1= 0 ) I ( 1 • () - f? r: S ) 
\.JT::IJUB 
IJ p 1 T F ( ? I ? ~ 5 1 If n L F 1= 1= , W U B , R IJ , W '\ 0 I R , I J R 
Uo:l)Q*r.FFF 
HTI==(~T/5.0*~/60.0)**O.333.1 .?SE-O?*4.186R 
.. 
C *+*.""**~.*.**~ •• ****~**""***""******.**.~***~******~***.***~*.******** 
C S != T r 0 I~ 0 I r InN SAT S T /I R -r 0 F C 0 ~I ;) R F SST n N P F R T (l 0 
C **.* •• *.************.*t**.~""a*+****~*tt***.*******~*******~.*******~ 
c 
THF::THEIVC 
T~FCf:1().O 
RH=THE/S7.2Q6 
~'~(~T/2.n)*(1.n-rOS(RH)+ER-SnRT(FR*FR-Sl~(RH)**2» 
vnI1::flA*X1+CLIJOI 
D1=P1Vr.*(VOlEFF*O_Q3/75_n+PRES~/1nO.n) 
TIIB1=P'.IJOL1/WT/RII/10000.0 ... 
TTHE::THF.CY!6.0/N 
c *.*.***.******~***************~********.*****************.~***.***** 
C ~ I: X T T ~J T F R V .4 L - r. A I. r. ! j L ATE I) A L U ~ S "T F N D n F J ~I T E R V A L 
C *.~*******************************~***********~********************~ 
e 
J=O 
f,S J:J+1 
o~"n ,J)=THF 
O~AC?,J):::Vf'l\ 1/1()()O.O 
O~A(~,J)::P1 
Oc;A(4,.I):lTU81 
r 
r' 
c 
n~A(",J)=p1IQII/TIIP1*1()(l_n 
o ~ A ( 6 , J ) :: 0 l. '-I S c:; / T THE / 1 0 0 () . 0 
o ~ A ( 7 I J ) :: I; A 1~ Y A R 
O~A(R,J)=WDT/TTHF/1000.n 
Qn=Q!)+QIOSS 
Wr'I="JD+Wf)! 
1~{THF.~-THE)O,15n,O 
THJ:=PIE+THF.r.t 
I~(THE~-T~E)O,O,RO 
TTHE=(THFCr-(THE-THES»/6.0/~ 
THF=THE~ 
p, I) C d I Leo ~~ P ( T I J B 1 , P 1 • VOL 1 , x 1 , 0 • /) , I') ) 
Go TO 6S 
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c ***.**********.************** •• *.*********************.***.*.****.** 
C SFT TNITIAI. CO~OTT'ONS AT IGNITION 
C ********************w*********.****.********.***************.***.*** 
C 
e 
1 S() Jr=J 
THECT=2.0 
Dr:ISA8,RF1 ,wB1 ,SAR1 ,V61=O.O 
Or:t TR=21"l.O 
Or:t TlIB:::1().O 
'.JIIQ1=I..IT 
VII~1=VOI1-VR1 
IH?'=O.2 
iH4:::0.3 
TJ:O,TF,1R1=2300.f' 
SaUA1=HSA+Pl*x1*RnRE 
/ 
c _*7****** •• *.*.*****.*.*******.*.*_.*_**.*.***************~********* 
C ~j 1= X TIN T F R V A t. - r. A t. ~ , , L ATE \I A L II r: <; A T F. N D 0 ~ T~. T E R \j A I. 
e .*.*.*****t********** •• ****~****** •• **********.~*******************~ 
C 
5/1 J=J+1 
THF=rHE+THEf.I 
TTYE::THECl/o.O/N 
TIIB=TUB1 
Tf:=THDF.1 T8 
C **'*.*****.**.*****.**t******~*~***.**********~*******~************~ 
C i. A I. C \I L /l T F. A j') T A ~ A Tie ~ L M~ F. T E"1 P ~ RAT U R F. 
C **+*******y*************************************,*.*.*******.******i 
C P 1'-1 Q :: r: :> I·' r: A ~J ( T I , T II R , 0) 
160 T~::n.5.T~+O.5*TFn 
rl=o:qF 
p=p1 
C 1. l L E R {' P \j ( T F , P ) 
C P ,~ P = C P ~1 F A ~ ( T I. , T ~ • 2 ) 
C " "" ~ :: r PI,', P - 8 _ :3 1 4 3 
\.J1.10LP, Hv::O. 0 
nn 140 1=1,11 
I1P=HP+H:)F(l)/WMOI (I)*PM(t) 
1 {. n 'J ,~ 0 L P = I,] ~.' 0 L P ... P N ( I ) * IvJ :., 0 l ( T ) 
... 
C *«********.***.******.*******~**************.*~ •• ******************. 
C r..'~CIII.ATE L~MI'j"R AN!') TUHRIII.ENT AtIR~~I~G vr:LnrlTYFS 
C .*·**.***.+.********~******************t***************************, 
T r: = ( H P + r p ~ ~ I W'" n I. Q * ( T U 8 - T' ) - ,-< P) I ( r P 1-1 P I w 1.1 P L P ) + T I 
InABS("TI=-Tt:O)'GT 10.0)r;() Tn 1(,0 
VI Rv=1 .1)-Rl*TF/F.I RV/ (1. ()-TU~/T!=) 
J~(PHI.LF.1 O)ALRV=pHI 
I~(PHI _IiT.1_0)ALc:\V=1.()/PHT 
I ~ ( PH r . G T . 1 _ " . A N I) _ P!t I • t T . 1 . 1 ~ 1\ L B" = 1 • 0 / 1 . 1 ... S Q R 7 ( 1 . 1 - PHI) * 0 • 1 26 
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tl=(Y~l,IF,1,I).A'.J1) PHr.r.T,n O)ALH\I=O.Q+(P~T-O.9'/').O 
VI ::lS()RT(AKU~IJ"'T~·""*1.21"'(1.()--\1 qV*VLBVl*F.XP(-fl Bv/RZ/ Tn/(1.0+TUB/T 
1 F ) * '" 0 • 3 7 5 ) .... ri 'IJ R * T ! 1 R / t L Fl V / ( 1 • ,," Til 8 I T F ) 
VI::VI*10.0 
TIIQB=TUQ~ 
I 1= ( q F 1 . LT. RID) T II Q R = K F 1 I R I r> ~ T U R F 
VT=VI. (1, O+TURB*"JI 1 00\1. n) 
IH2=rH1+VT*TTHE 
CAll ~AVnL(RF2.X1' 
'Jfl.2=VB 
t~(VR2.GT.Vnl1'VR~=VOl1-1.0 
WDITF(2.7A5)VL.VT.RF2,Vp2.T~ 
Vllu2=vOI.1-V~2 
w ~ ? = W E~ 1 '" ( VB;> - I) R 1 ) ... P'1 I R 1 J/ TUB " I 1 0 0 (\ 0 • 0 
II=(Wq?GT.WT)Ws2:n.999*WT 
IJIIB2=WT-IJ"2 
D F I IJ 8 = \.,I 8 2 - W ~ 1 
Pt..=P1·tr>I=I.P 
RH::THF./1)7.2Q6 
Xt..=(~T/?n)*(1 .n-rOS(RH)+~R-SnRT(~R""FR-~IN(RH).*2» 
VOl 4~RA*)(4+r.LVOI 
W ~ T 'r F ( ? • 7 R 5 } XI., 1/ nil. , \.I B 2 • V A 2 . 1/ II B 2 
S~R4=<;AP1+DEl.~AB 
~aUB4=H~A+PI~ROQF*X4-~AR4 
~ftVUB=(~AU91~SAUR4)/2.0 
S6VR=(S~~1+~AB4)/?O 
P~V=(P1+P4)/2,O 
.J T T to-l F = 0 
I 
c *~~""***.**~.*.+**.*+~*~*******.**.'******.*****.****************.***. 
C A ~ <; I I ~, ~ F T N A. i T I: ;.\ P F QAT I I R t S 
C *.**.*****'**.'****.k*~*~**.*·.***·*******~***··**.*** .***-*********j 
TPt.:: T 81 + I')F. tTf3 
T 118:.;: T I) R 1 + 0 F. l T U fl 
Gn TO 211 
210 T~4~O.~*TR4+0.4*TRE4 
T I I R I.:: () ,6* T IH~ I. + 0 . l. * TUB E 4 
711 TflF4=TR4 
111'3I::/I=TIII:\4 
T R A V :: ( T R 1 + T I) 4 ) / 2 , I' 
T ! I R ." V = ( T l.1 R 1 ... T lJ A {.) I 2 . 0 
C *.*** •• ******t******~*************.***.***********************.~****j 
C UII r: II I td E f\ 1/ R ~J'f C HAP Ii F C () ,-, p n C) IT T 0 "-i [)" SED 0 N MFA N V A L II E S FOR I N T E R " A L 
C *.* .... ******.***.**** ••• ~k**.*k******.******.*********** **************, 
C to I, I. F R I , P "! (T B A V , D A V ) 
C P 1'1 R 1 :: r. D t~ F .!\" ( T l , T I , B 1 .' 0 ) 
CDMR,?=CP'.IFA\ (TIJFl1.T!.J84.0) 
r. p ~~ P 1 :: C '" H r: .\;; ( T L , T R A II , 2 ) 
CPMP?=CPMFA~(T81,TB4,2) 
CVMR'=CP~R'-R.3143 
C \/ ~~ Q ? :: r. 0 M t( 2 - 8 . 31 I. ~ 
Cv~P1=Cp~p'-8,314~ 
CVMP2=CP~P2-8.3143 
G~~MA~=rpMq?ICVMP' 
~AM~AP=CPMP?/CVMp, 
1..1 .. , () L P , I J j;l 4 = 0 . 0 
n" 1,qO 1:::1,11 
IJ IA () L P = '.J " () I p .. P 1~ ( T ) * I . J H 0 l ( T ) 
... 
1 P, n u p t.. = I I P 4. + II () 1= [ t ) * P M ( I ) I \..1 ~·1 () 1. ( I ) 
UD4=llP4*r.EI=r: 
R P :: ~ , 3 1 4 :3 II.J l' 0 I P 
q~n=PAV*1nO,O/TURAV/RU 
W Q T T f= ( ? , ., Q 5 ) R H n , II ;:> 4 , C V ~, ~ 1 , C \I M R 2 , r V M P 1 , C V M P 2 I W t-1 0 L P 
372 
c *******~**.**~'+*~**~**+*****.****'********** ••• ********************. 
ern H fill S T rON S T E P II T l~; I r I ALP 1 S "I () "J P () SIT TON 
C 
C f N F R G v B A l A ,~: C E FOR H I I ~ NT / IJ N q I HHJ"r r Y A Q G EAT r () N S T A IJ T V 0 llJ ME S 
C **********~+**+*****.*~*.*.**.***+*************.********************* 
Tn? :: T I. ... ( ( ( Til 8 1 - T I ) .. C v 1" q 1 / W r-\ (I I. P ... ( , I R - UP'" ) ) * 1'1 E L W P + ( ( lJ P 1 - u P 4 ) ... ( T B 1 - T L ) 
1 * C V M P 1 I \,1 "1 0 L 0 ) * W F\1 ) / C V t" P 1Jr '.4 M (\ L P I W R 2 
T1JR2=TlJR1 
p~~=wR2.RP/V~?*TR?*1nOOn.O 
WQJTE(2.790lTR2,pp2 
C **********k**.********.**+********~******************* ****.********** 
C P1ST()~ MOVEMF~T AND HEAT TRA~SrFQ ST~P 
C 
C F ~ P i\ ~ S T () ~J / rOM P >I E S S J (HI q F C H A R r, F 1('1 fI CHI F V E PRE S S IJ R E E Q U lIB R I U M 
C **'*+*****~**********.***+********'***************.***~****.*****.*.* 
TJ:(VR2.r,T.VIIRnr,n TO 1Q;> 
V R t. = ( P R 2 / P 1 ) ." -It ( 1 . () / G ;, ,,~ q " P ) '" '/ fJ ? * V () I 4/ VOl 1 
r ~ ( V B I. . I.. T • 0 . 0 0 1 ) V R 4 ::: 0 . I) () 1 
l~(VPl..I;T.O.Q*V(\! 1.)IJR4=!).O*'.I()14 
VIIF!4:::\fOI4-V84 
GI"I TO 1 k8 
1 9 2 V II R 4 ::: V U R 2 * ( P 1 / p q ::n * * ( 1 . ,") I G M~ ~, .\ Q ) <It 1/ 0 l 4 / VOl. 1 
T F (V1J114, I. T. 1 ,0) VIIR 4=1 • 0 
C .**"'.**.**.**".*****.*'*****K~*."'.·.*.**.*'**"'******** **.***********. 
C r: I\t ell L i\ T F. ~ FAT T R A ~I ~ FER BAS F. () \) ~J ~'E a N v A I II F S FOR I NT E R V A L 
C **********~."* •• *.,,.**.*~.,,*********.**.,,*****.*****.*****t************.* 
1 p q Ii T r. ~ ::: H T ;: -It S 11 r; T ( P ." \I * T B A V ) 
J r ~J T R::: 0 
H T CUR:.: H '1" F ." S (~ R T ( P A \l * 1 lJ B A \f ) 
Q lOS ~ B ::: ( T R >\ I; - T W) ." H T C tl "" S ~ 1/ f\ * 'r 'r ~ F. 
01 0 <; SUB = ( T u.r; A V - T \..J ) * Ii 1 C U q ." SA',' !I P * T THE 
2;:>0 \!RP4=VR/+ 
VI' n P I. :: 'J I' !) 4 
il:'(VlJ84.I.T.10.0)OIOSSUH=O.O 
Tn I. :::r P '2 k ( V H? I V B 4 ) ." ." ( G A '1 ,A A P -1 . I"l) - (J LOS S R /IJ R ;:> / C IJ /,1 P '2 '" W MOl. P 
T ! ! R 4 ::: T U fl '2." ( 'j U R '2 J 1111 B 4 ) * * ( (j AM 0" A Q - 1 . () - Q LOS ~ U 8 / \~ U B 2 / C V t~ R 2'" w MOL R 
T ~ ( T 8 I •. IT. 1 A 0 () . 0 ) T B 4 :: 1 6 () 0 . 0 
IreTtl84. LT.L.O().O)7UB4::400.0 
PP4=WB?*RP*T84/VR4*1000().O 
P II R I, ::: W U R ? .. R ! ; '" T IJ R {. I V U a 4 • 1 0 0 0 () , n 
Pl.:: p ~ 4 * l W n 2 / W T" () . r; ) I ? . () + P lJ B 4 * ( 1 • '; _I,.) B '2 / W T ) I 2 • n 
Ij::(VR4.IT.Vi!B4Hjn TO 19~ 
v II R t, = If U H PI..'" ( P I J R t, / D 4 ) 11 ." ( 1 • () J (; " /.~ ,., s'I R ) 
I I: ( V II R 4 . LT. 1 • () ) \/1 I R 4 :; 1 • () 
VRL.=V0L4-vun4 
Gn TO 194 
1Ql VR4::VRP4.(PR4/P4)*.(1.~/GAMMAP) 
! ~ ( IJ 8 4 . IT. 0 . 0 () 1 ) If H 4 :: 0 . 0 l) 1 
... 
c ***.*.*******"'."'****~*******.~****'**.**.**.* •• "'********************* 
C r o~· T T ~J LJ Fl.O 0 PI,'; G I J NT 1 L 1) IFF F. R F= ~1 C F 1 SAC C E PTA R L Y S ,., ALL 
C **~*~***.*****~.**.****.****N**~+.***.*****.****·***** .****.********* 
1 G i~ .I r N T P ::: .1 (' "J T R + 1 
!~(.IrNTQ.GE,n)Gn TO 19r; 
T ~ ( ARC; ( ( V R 4- v R P (. ) J VB P 4) . (j T . !) • () () 1 0 R , A R S ( ( v UBI.. - V 1) B P 4) / V U B P 4) • G T • 0 , 0 
1(1)1j(l T! 220 
IF(ARS(~4-PR').GTo.nO~.()R.a8s(p4-PUR4) .GT,u.n03}GO 10 220 
191) CnNTTNIJF 
TR4=P R 4*VR4/WR2/RP/1000n.O 
Til R L. :: P lJ PI.. .. " I , ~ 4 J ~.' , I 0 2 / R 1I ! 1 0 () 0 1'\ • () 
W Q 1 T F ( '? • 795) T R 4 IT" B 4, V ~ 4,1/ U PI... P B I, , P U A 4, P 4, It) 82 
r 
r 
f 
C 
'c· 
r I 
l.-. 
C) 
r 
e 
c 
c 
c 
c 
c 
WQTTF(??951~AMMAP,GA~MAR,QIOSSR.QLOSSU8,QP,WMOLP,SAB4,SAUB4 
C;4RE4=SARl.. 
R ~ 4 :: ~ I. A PAD ( R F 4 , X 4 , V 13 4 ) 
~4R4=SAW.SAP.SAH.~ftS 
SAUn4=H~A+PT*ROR~*X4-SAq4 
II=(SAUR/ •. LT_1.0)~~UB4::1.0 
~~VUR={~AUB1+SAUR4)/2 
SAVB~(SAR1+~AA4)/? 
J T H'I= = .J r T M E + 1 
t~(JT'M~.GE.JrM)~0 TO 1Q7 
373 
**~*.*****~***~**** •• * •• **.**.***+***********.****.**.***~ •• *****.** 
C H '= C j( I II! I T I A I. .'. S S II ~. :> T T () r.; S , T F U ~, Arc E PTA B IF. R F P F. ATe Ale U L A T tON c; 
.*W*******'*********~**.W** •• ** •• *~*******~.****~********~.******.*~ 
J t ( A R S ( '. R 4 - T B F 4) f, T . 2 0 . 11 • () ~ . A f\ S ( TUB 4 - T II R F l.) • r, T • 1 0 . 0 ) GOT 0 2 1 0 
II=(A~S{SAR.4-5ABF.4).GT.O.01*(SAB4.SAUB4).ANO.SABE4.GT,O.1)GO T01.' 
1Q7 CnNTfNIIE 
1~(JTIME.GE.J~M)WQITE{2.Q40, 
D F I. I,.) q :: \./ \.1 7. - ~., " 1 
D F I.r q :: T n 4 - T r~ 1 
D i= I T lie ::: TUg I ... T lJ R 1 
I)~t SA8::SA~4 .. SAB1 
O~lP=P4"P1 
Wf)t=«Pl+P4)/2.0-pAT)*(VOL4-VOI.1)/10000.0 
I.J f'\ :: IJ n + \J D t 
Q I) :: () l (I S <; " R + in () ~ S q ... Q D 
**~**~*~**i**~~**** •• *.********~*.f****~******~**********.~********* 
r A l. ell I ~, T E S Q 1I I 0;; H V E I. t. CIT V 1= 0 R 'r Y D F neE ~J T Q rl L I G NIT ION CAS E 
**.*+.****'***~.****~*'******.***~*.*.***.*******~********~********1 
SfWF.I=O.1'l 
Ir(JTorr.NF6.0R RS.GT.n.n01)~n TO 6~R 
I~(~F.~T.QB)GO Tn 639 
R II () IJ 1 :: p 1 I QUI T IJ n 1 '" 1 0 0 , 0 
R I-l 0 I ) 4 = P I, 1 R U I T I' 8 It'" 1 0 i) • 0 
C; () \J E I = S () 11 0 r. • n .. 8 A ... ( ( X 1 ... ~ r,) #I R H PIJ 1 .. ex 4 ... R 0 ,.. RHO \ j 4) / ( (X 1 +)( 4 + 2. 0'* B n ~ 
1 f) * P I '* Q tH ( R H (, U 1 -10 rHW U 4 ) ,., T T ~ F" , 5 (\ • 0) 
r,(l Tn n'~R 
6~Q R~n31=p1/RB!TR1*1~O.O 
R ~I 0 8 4 :: P L. 1 Q 8 I T Ii 4 .. 1 () 0 . 0 
?1RHnR"«X'.Y4.2.n.BC).2_0*P'.RR*(PHOR1.~Hn84)*TTHE*250.0) 
\ .... '" S (I v F= I :: ( 'f 0 l. 4 - SO 11 n () • 0 .. R A'" ( X 4 ... R C ) ) n RHO F\ 4" ( VOL 1 .. S Q 11 00 • 0 * B A. ( X 1 • R C » 
6 ~ ~ C rnH 1 N ! I F 
IlP1=UP4 
711B1 :!TlJR4 
TP1=rB4 
VIIR1=VlIR4 
VR1=VB4 
P1::P4 
~"I'\'::SAq4 
!'t>1IF11=~AUB4 
WR1=Wf1i? 
W II R 1 :: \,1 II 8 2 
F(PEEO=(RF4-R~1)/TTHE 
T~V=CRFi-R~1"TTHF 
IH1=IH4 
X1=X4 
\j(l11=VQI4 
O~A(1 ,Jl=THt= 
O,A(2,J)=VOi 4/10r10.0 
O,AO,J):P4 
Q'A(4.J)cTBl. 
... 
~ 
"-
I? 
." 
(I' ~, 
[' 
t 
[: 
(f' 
~r 
"-
r 
-
:t 
r 
r 
c 
c 
e 
c 
c 
c 
O~A(~,J):::iUQ·4 
n~A(6,J)=WR?/WT*100.0 
O~A{7,J)=Vq4/VnL4*100.0 
O~A(R.J)=FSDEFD/1(,\OO.O 
O"A(C),J):j:HI. 
O<:A(10,J):Tc 
O<:A(11"I)=VL/1000.0 
o <: II ( 1 2 , ,j ) :: P L. / R IJ I T I ' B 4 \l' 1 0 () • 0 
o " A ( 1 3 , ,I ) :: P l. I R P / T P 4 * 1 0 0 . 0 
0<: A ( 1 l.. , J , = ( f i lOS S R ... Q LOS SUA) ITT ~ F.. /1 000. 0 
O"A(15,J)=W~I/TT~F/100n.O 
0" A ( 1 {:. , .1 ) :: ~J ~~ ° L P 
0<: A ( 1 7 , ,I ) :: T ~ V / 1 0 n ('\ . 0 
, j: ( S () V F. 1 . N E . n . 0) () S A ( 1 {:. , ,I ) :; 5 () V F L 
I) () 5 I) 6 I,:: 1 8 , 2 R 
5 ~ I, 0" A ( l , .1 ) :: [) N ( L - 1 7) * 1 • 0 E 02 
WplTF(',79S)P4,TR4,TUB4,VR4.WR?,QF4,FSPEEO,THf 
tF(VR1.LT.O.9QhV(114)(jn TO '5'?J 
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**.*******w**~\*****.*~* •• *.*.*+.*~.********** •• **.***************** 
ExPANstO~ PROCESS 
*.***.*.**************~*****.**.**'********~************************ 
621) THFCT::4.0 
W p :;f.J T 
JrO'vl=J 
K::O 
62~ TH~=THF+THE~I 
IF(K-11(),66'),tJ65 
IF(THE-THEFVn)63n,O,O 
T T H r=. :: ( r II t ct·· (r HE .. THE tV () ) ) / 6 ' () / "l 
THt:=::THFFvn 
I( = 1 
Gn 'Tf) 1,35 
630 TTHE=THFcr/~.n/N 
+.********+**~********.******~*** •• **** •• *-*e.*~******~*.****** •• **~ 
N F. ,x T TNT F. R 1/ A I, - CAL r. I' l A T F \i II I. U F ~ "T F N 0 0 F ,N T E ~ V A l 
635 J "".1'" 1 
C.\ll CO~"'P(TP.1 ,P1 ,VOL',X1 ,IJP1 ,'2) 
()"A(1,J)=TH~ 
O~A(2,J)~VOL'/10nn.o 
O"A(3,,))-;:P1 
o " A ( l. , .J ) ~ T 8 1 
o <: f; ( I) , ,I ) :: p 1 ! R P / T n 1 * 1 0 0 . () 
0<:: A ( f.. , .1 ) = () L (i S SIT T ~f E I 1 00 () . 0 
f) <: A ( 7 I .I ) :: GAIA ,.., A R 
O"A(~.J)=WD1/TT~F/1noo.() 
on 65/. 1.=18.2~ 
6')/. Ot::A (I,.J) =PN (1.-17~ *,. OF.O") 
Wn=I..Jr)+wr" T 
Qn=(~O-tQI ns'l 
Gn Tn f:?5 
~6'5 JF=J 
.In=JC+1 
JI'lMl:JCOM+1 
Qn:rJD*N/120000.0 
P n :: IJ f) "" N / 1 2 () 0 0 0 . Ii 
... 
C **.*.* •• *+~**.~****+~*'***~+'I*.* •• *.*+ •• *'***·*~""******.**********~ 
C F ~J [) n F r. y C! Fe:,!. C II I A T 1 .) ~J S , II U r r I ! T R ~ C; lJ I. T C; 0 ~. lIN F P R tNT E R 
C **~*******.**.~.*.**-*~*.**~.*****'*******.************************. 
W D T T F ( I , R () 0 ) ~J • A (i Q ~ , ') PAR K' , ~ T . V {lIE I: F , C Q I 
W 0 I T F ( ? . R? 4 ) 0 H , , r ~ , A F P,T 1./ , p;: ~ $ (j , .1 Toe C , TAT 
WQ'TF(7,836)SQ,P4T,8C,PMA,P~IRHOAT,RrN,RFx,X!N,xEX 
710 
720 
730 
7t.() 
75'" 
770 
7 PJI 
7P,C; 
790 
79 r; 
800 
~J J:> T T 1= ( 2 , ~ '; 0 ) H V • R " D , IJ T , Q t.1 • I.J~' r. I P 
\..)0IT(:(7.951' 
\.JoTT~<2,Q55) 
WQITF(;>,956) 
WpTTF(2,920'«OSA(L,K),1 =1,~),K=1 .JC) 
WRtTl=(2.952) 
l./pTTF(2.957) 
wRlTF<2.(58) 
W Q T T F ( 7 I Q 2 I. ) ( ( 0 S " ( L, K ) , L:: 1 , Q ) • K =.1 i) , J r. () "') 
WRITF(2.95Q) 
WRJTF(2,960) 
WQTTFC'.(24) COSA(1,K),(nSA(1 ,~)" =10,17),K=JD,JCOM) 
WQTTE(2,953) 
WpTTf=(?Q55' 
WPTTF(2.Q56) 
W Q T T F ( 2 • 9 2 0) ( ( 0 S A ( L , I() , I :: 1 • Il) • K = .1 !') 0 1>1 •• 1 F. ) 
WQITI=(2,9S4) 
\'J~HTF(2,961) 
WQTTF(2.9,s?) 
UQJTF(2,Q~8'(OSft(',(),(OSA(1 ,V),I =18,2R),~=JD.JE) 
I.) Q t T F ( 2 , <) 7 0 ) P 0 
WpITF(2,<)RO)QO 
GO TO J 
Fl"!iHHT(PFI't.0) 
t: (') R 1.\ A T ( 6 J: 0 . I) ) 
!: (\ Q I.~ IH ( I. 1= 0 . t1 ) 
F MP·LH ( 7 F n • 1'\ ,TO ) 
F n Q '.~ 1\ T ( 3 J: 1'\", (\ ) 
F(H<"*AT (2T 0) 
1= () Q '.,., T ( 1 H , q F 1 2 • 3 ) 
FOR /.\ A 7 ( , w , ') X ,SF 1 ~ • 3 ) 
~()R~AT(1H ,21=15.1.) 
F("\R~IAT (1 ~4 , r;x, 7F1 t.. 4) 
375 
F (l R I~ A T ( 1 H 1 , ? I') X , , r. r r .. PUT F: Q S t toA ! 1 I A T TON 0 Fr.O p 6 U S T ION I ~ ASP ARK T (j NIT 
1rnN F~GINF'121X,~O('=I)/1 
21y. 'TEST CO~nTTln~S AR~',JOY"E~~rNE nETATLS ~RE'/20('-'),30X.18(1 
3-')/1 
I. 1 'I. , , F t-' G J N F. <) PEr: I') (R P f.') , , 1 3 X • ' :: , , !:: 7 • 1 • 1 f) y. , , BUR F (M 101) , , 2 8 X I ' = , , ;: I, • 2 I 
51 
f,1Y..'T(iNITIO~' TIMTiJG (DEG BTf)C)',')X,'=',F5.1,1?X,'STROKE (MM)',26:<, 
7'=',Ft..211 
81'1., 'VOI~~ErQlr E~~ICIENrv (~) ',6'1., '=',F5,1,12Y, 'CON ROD LENGTH (MM 
0) ',1RX, '=',Ff).1) 
P, ? I. F ('0 R ~~ A T ( 1 H ('), , E () I J 1 " ,. LEN C ~ RAT Tn' , 1 l. X , , = , , f 5 • 2 , 1 ? X , , C 0 ~1 PRE SST 0 N PAT I 0 
l' .2/)(, ,=, ,FS.211 
21 x , I A r R T () j: U F L p.n IJI ' , 1 I. X , , = , , F f, • 21 I 
: 1 II , '~J.A I L T r: /0' I' F RAT II R E (1"1 F (j K)', 7 X • I :: , • F 6 . , II 
41X,'PFSJDUAI P.'AS~ F><ACTT()f.J (~)',I)X,'='IF5.111 
51'/., 'r,nMAlJST10N CH,\MljEp nFThTLS }\7F' ,19X, 'ATl>lOSPHERIC CONDTTIOI\S AR 
6F'/31 ('-') ,19x,?A( '-')/1 
71 y. , ISO U ISH "L A T F T Y P F. ' • 1 I .. X , .' .. = , , 1 ~ 1 1 4 X , , T f ". P E QAT U Q E (D E G K)', 1 Po X , , = 
8'.F6.1) 
8 '3 6 F n R ~1 A T ( 1 H 0, 'SO U I ~:~ C 0 V E ;:( AGE ( ,;:) I • 1 2 X , , = I , F 5 • 1 , 1 ~ X , , P R F. S SUR E C BAR) , 
1,?3X,'=',F5.nl 
2 1 X , I R U 1>1 P T N (j C I EAR A NeE ( ~,l ,,,) , • 9 X , I = I , :: 5 • ? • 1 '2 X , I S P E C I FIe H LJ ~1 I 0 I T Y (X) 
~',16Y., 1=' ,1=5.1// 
l.1Y,'SPARr PliJG/l'I"!I.IF AXI<l (M~4)',6y,'::I,FS.1,12Y.,'nFNSITY (KG/M •• 3)' 
5,;>OX,';.;',F52// 
61 '( , , T ~: I. F. T V.\ I. I' F. t? ~ DIU S (~1'~) I 1 R X, , = , , F '; • 1 1 I 
71 \( , I r){ HAt I ~ T V A L \I F R A 0 I I) S (/01 II) , , b X , , = , , ~ S . 1 1/ 
~ 1 \( , , J tv 1FT I):\ I. V E I spA ,) K P I I J G (,., loA) I • 4 X , , :: , , ~ c; • 1 I 1 
9~ 'I.,' FXHAUST IJALVF ISPAI<l( PLtlr. (MI'~) :: I, F5.1) 
376 
8~n FnQ~AT(1HO, 'VALVF RECE~~ nEDTH (~M) I,RX, '=',~~.2// 
11X,'5PARI( PILlr; RFrESS RADIU, (M"') =',S:~.?//// 
2 1 '\( , , r. A L. C !J t t\ T E" ,.,~ T \( T lJ R F pAR A / .• t T F k ~ I / 3 0 C I - , ) / / 
3 1 1< , , T () T A. I M ,\ S C; (1 r: C Ii A f~ G F (G) I , 7 X • I :: , , F 7 . I. / / 
41'1(, IGAS CON~TANT (KJ/KG DFG ~) ',~X,'=' ,F6.3// 
5 1 " , 'M 0 l F C U L "R I.) E T G H T I , 1 ~ X , , = I , F 6 . 2) 
94('\ ~()RMAT(1HO,'** •• Wf.RNING---MJ\X1MU~' LOOP COUNT EXCEEDED AT Llt-JE 197 
1J~ cnMPST~p****ll 
951 F~Q~AT(1H1 ,10X,'rOM?RE5~ION PFRlnD'//) 
952 FnRMAT(1Hn,30x, 'rnMBUSTtON D~R,On'/I) 
951 ~nR~AT(1Hn,3nX, IFxPANSlnN P~RTOD'II) 
954 FnRMAT(1Hn,30x, IrnMBLlSTrn~/FXPA~SION PERInO'/I) 
Q S 5 1= n R ", A T ( 1 H n,' eRA N K .4 ~ G I. F ' , 7'\( , I \I CJ I IJ ME' , R X , , P R t S SUR E ' , 6 X , , T E M P E Q " T U R 
1F',7X, IDFNS1TY',7 Y , 'HEAT LOSS ',7X, 'GAM~A',7X, 'POWER') 
9~6 FnRMATC1H ,~X, 'OFGREES',12X. 'r.C'.12X, '8~R',1'X, 'DEG K',10x, 'KG/Mt3 
l' .11)(, 'K'J' ,?8X, II(WI) 
9 5 7 F n R ~, A T ( 1 H n , I r. RAN:< A N G L F ' , 4 \J. ,IV 0 1 U ME' , 5 X , , P R F. S SUR E 1 , 3 X , ' BUR N T T E ,-I P 
11.2X, IJP,RIJRr,T TEMP /iASS RUR~JT Vnl f\IIPNT FLAt-'E SPEED FlAMf RI\(')') 
95~ F0RMAT(1H ,3X. 'OFGRf.ES'.9X, 'Ci.',?X, IRAQ',RX, 'rEG K',9x, 'DEG K I,8X 
, , 'r. 1 , 1 1 X , '% ' I 1 0 X • 'M / S ' , 1 0)( I ' f.I ~.' , ) 
9 r; 9 F () P f~ A T ( 1 H 0 • I C R ,\ ~I ¥ A N G I. r- ' I 4 x • , A 0 F L T F ,~ P IA. r-, F L S P , , 4 X , , !J N B 0 F. N S ' , 
1 2)( • I n IHU~ T 0 OJ S 1 , ~ ~ , qlf:" T L 0, S ' , 3 ~ " PO (.j E Q ' , 3 x , '1~ 0 L W T I , 4 X, , T IJ R B 
? 1=1 SOl) 
Q~O FnRM4T(1H ,3X,'D~GREE51,6X, InF~ K',8x, 'M/~',Rx, 'KG/Mt3',6X, 'KG/Mtl 
l' .RX, 'KW',Rx,' vW ',1QX, 'M/~'l ~ 
9 f 1 F n Q ,.\ /J. T ( , W 0 , I eRA. N 1( " N G l. F I, ') x ,Ie (' ? 1 , A '< , , en 1 , 8)( , , N 2 ' , 7 X , , H20 1 , P X, '0 
, ') I , 8)( , , H 2 I , P. X , , ~l () I , f\ X , '11 H ' I ~ X , 1 H', 9 x • I (' , , 9 X , 1 ~J ' ) 
9 f. 2 F " R ~, A T ( 1 H ,"l X , I 0 F r, R F. E S , • 6 x , , r. , , Q)( , I % 1 , Q X , ,% I , 9 X , I % ' , 9 X , '% , , 8 x , 1 PPM 
1 '.7X, 'PPM',7X, ,pp~I,7X, 'PPM',7Y, 'PPM',7~, 'PPM') 
97n Ff'RMAT(1H(),1())(,IP('\-JF.R OIITPl)'Y' :'d6.3,'K'..J
'
) 
QRn FnRMAT(1HO,10x, 'H~AT TR~NSF~A =',1=5.3. 'KW') 
92n I=nR'<lAT(1 HO.1=11.1.7F15.3) 
9 ') I.. r. n Q t·1 II T ( 1 H 0 , r- 1 1 • 1 I R F 1 2 . :3 ) 
9 ? f.. r: n R '~ A T ( 1 H 0 , r 1 1 • 1 , P ~ 1 2 . 3) 
9~R F()R~AT(1M ,0PF10.1,SF10.2,4p6F10.2) 
90q ~Tnp 
F'JO 
... 
c 
c 
c 
c 
c 
c 
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f.14STER COMPAREO 
*********~****~*.********w*.*w*****.*.****.********.~* **~b.****~** 
** ** 
** COMPARED CALCULATES COMBUSTION PARAMETERS(FLAME SPEED, ** 
** MASS BURNT ETC) FROM EXPERIMENTAL PRESSUREoCRANKANGLE DATA ** 
** *. ****.*****.*****.********~***.***.***************************+**** 
RfAL N,LKM 
DIMENSION OSA(27,50),PACT(SO) 
DtME~SION DOF(12),DMOl(12) 
COMMON/BLOCK 1/RR,FR,SaA,SQA,8AIJTOCC,PfRPIPERPD,RMA~,RMA~D,B,PI 
COMMON/SLOCK 2/G~rN,C,REX,Rt~,XEX,XINIST,RSP,SAW,SAH,SAP,SAS,SAF. 
COM~ON/BlOCK 3/SPTHE,SPTHX,~V,CEv,CIV,CR,HEX,HIN,NI 
C (') f.\ M 0 N / B L 0 el(I. / P ~ ( 11 ) I P~' ( 11 ) , R N ( 1 2) , R~' ( 1 2 ) , W ~1 0 L ( 1 ?) , Q ( 4) , PHI, J C'" 
COMMON/9lOC~ S/V8,PC,RS,RSB,BC,PH,SH,UOF(12),TTHf 
COMMON/SLOCKB/ClV0l,HSA,HTF,THE,OlOSS,TW,WT,WMOLR,ER,RU,CEFF 
C 0 tit M 0 N / 5 L 0 C j( 9 / PAT , GAt·· MAR , W D r 
DATA DMOL/44.011 .28.011,28.016,18.016,32.00,2.016,]0.008,17.008,1. 
1008,16.00,14.00R,114.23?/,HO~/-393785.0,-110603.0,O.O,-l419d9,O.O, 
20.0,90351.0.3949~.O,2'8132.0,249362.0,472962.0,~224287/ 
C .** •• *****~***~**~******.*~******.***************.****.*.************ 
C RFAD DATA(ENGI~E OfTAILS,OPERATING CO~DITt0N5 AND PRESSURE DATA) 
C *~~****** •• ***~********~*****.****~**********************~*******.*.* 
c 
c 
c 
c 
c 
c 
c 
c 
R~AD(1,73n)\,PHI.VOLfFF,THE~ 
REAO{1,720)80RE,ST,CR,CRL,THEIVC,ThEEVO 
~FAD(',740)SOA,S~P,BC,Rs,Rsn,RR,PH,JTOCC 
READ(1 ,710)~Ex,RI~,H~X,HI~,~SP,CEv,crV,VOF 
READ(',72n)~FS.w~,PAT,TAT,PIVC,Tw 
RfAD(1,770)~I,JCM 
RFAO(1,730)CAINT 
READ(1,760) (PACT(K> ,k.::'1 ,50) 
••• ******c~***~**t**T*~***~***~***~****.*********~***********.******* 
~ = E~GINE SPE[D(REV/~I~) 
\' 0 L E F t= = IJ 0 l U /-1 E T RIC E F F ( ~o 
~OHE = CVL BORE(MM) 
CR ::: COI-1P RATIO 
S~A = SQUISH A~EA 1(~) 
Be::; B I.J M P J N Gel E II R MJ CEO-' ~1) 
RR = PISTO~ BOWL RADIUS(~M) 
pHJ = EQUIVALENCE RATIO 
THES = IGNITION 11~ING(DEG AToc) 
s -r :: S T R 0 K F. 0'" ~l ) 
CRL ; CON ROD LENGTHCMM) 
~OB :: SqUISH AREA 2(~) 
RS ~ ~PARK PlUG/CVL AxtS,DISTCMM) 
PH = PLUG PFNETRATION(MM) 
C JTOCC = TYPE OF CHAMBER v 0 F:: II A I. V E 0 r F SET, M r., ) 
C REX = EX VALVE RE~ESS ~AD(MM) 
C CEV = EX VALVE/AXIS ~ISTCM~) 
C HV = DEPTH OF VALVE ~EC(MM) 
C RES: ~F.S!~lJAL GA!; FRACTION 
C PAT = ATMOSPHEPIC PRESSCBAR) 
C· TW = CYl WALL TEMP(DEG K) 
R I ~j = I N V II I V ERE C E S S R A 0 ( M M ) 
rtv = IN VALVE/AXIS DISTCMM) 
RSP = RADIUS OF SPARK PLUG RECESS(MM) 
IJt = spECTFIC Hut-1IDITV 
TAT:: ATMOSPHERIC TEMP(DEG K) 
C Nt = NO OF ITERAT'OMS JC~ ~ MAX lOOP COUNT 
C PACT(K)=~EAS CYL PRESS STARTING AT IGN AT CAINT OEG INTERVALS-
C *******.**.***~.********.**********************~********.*.********** 
THECY:::C,\JNT 
CEFF=1.0 
PJ:d.14159 
TlI:298.15 
PI)F=O.5 
S~ARK=3f,O.O-THF~ 
PRESG=RES*1 (,,0. n 
IFCJTOCC.GE.7)vOF=O.O 
IF(JCM.LT.20)JCM:2 0 
" 
P~~A::\.JF*1 00.'" 
RAT:PAT/TAT/O.2R71/1rOnn.O 
RHOAT=RAT·1.0E+0~ 
378 
C **.*.*********.****t_ •• *~w****.****.****~**.***.*******************1 
C CAL C U L ATE C Y L I f ~ E R h E A D ['0 I 'H N S ION ~ 
C **************~*k***~*****************~******.******** *************, 
RC=BORE/2.0 
ER=CRLI (ST/2. 0) 
ElA=PI*RC*RC 
CLVOL::BA*ST / (CR-1. 0) 
SV:::RS+VOF 
XIN=SQQT(SV**2+CIV**2) 
XFX=SnRT(SV*w2+C~v**2) 
CALl DIM 
S~~(SQA+SOB)*100.~/BA 
H~A=SAU+SAP+SAH+SAS 
HTF=(ST/5.0*N/60.~)**O.333*~.?5E-07*4.1868 
C **.**.*** ••• **~****~.*.**~********************~*******.************, 
C CAL C U L /\ T E /'" I X T U R F C 0 /.1 P 0 SIT I 0 ~ 
C **************~*******~**************'***.********k*** *****.*******. 
AFR=15.1/PHI 
DO 22 1=1,12 
UOF(I)=HOF(I)-~L78.9 
22 WMOL(I)=DMOlCI) 
CALL RESIDUL(R~S,WF) 
U R , W r·1 0 L R = 0 • 0 
DO 60 1=1,12 
WRITE(2,790)RNCt),R~(1) 
UR=UR+UOF(I)/w~OLCI)*RM(I) 
(,Ow ~l 0 UI = W f'l 0 Uh [{ i\ ( I ) '* W ~10 L ( I ) 
Ru=d. :511.3/\,iI'OlR 
w.~IR::VOI.EFr*ST*8A*R<\T/100.0 
W lJ B :, ~J A t r~ * ( 1 . 0 + IH + 1 • 0 I A F R ) I ( 1 • 0 ~ H F. S ) 
WT::lWUB 
W R IrE ( 2 , 7 R 5 ) VOL t r F I ~.] U 8 , R U , W ~1 0 L R , II R 
C .****-********-** •• * ••• ***********-***************************~**.* 
C SET INITIAL CO~OITIn~s AT IGNITION 
C *************k'****~k*~***.*******.********.*******.** ************* 
263 THE=THE5 
I( :: 1 
RH~!THE/57.296 
XS=(ST/2.0)t(1.0-COS(PH)+ER-SCRTCER*FR-SIN(RH)**2» 
X1=XS 
VOL1::;BA*X1+CLVOl 
P1;!PACT(1) 
TUB1::P1*VOL1/WT/RlJ/10000.0 
TUBS::TUf31 
iTHF.:::THECII6. (lIN 
\oj R IT E ( 2 I 7 R 5 ) P 1 I T lJ R 1 I V (: l. 1 I Q l. n S s , T ~ F. 
C **********~***~****~7*~*'**'*~****.****'**~************************ 
C C /l.. Leu L ATE PRE S ''; U R FAT T r1 E ~. N D () F I~; T E r: V A L FOR N 0 C 0 ,·1 BUS T ION 
C **'***'**'k******.****a***k~***'**·'****************** **'*'******'* 
65 K=K+1 
T:1E=THE+THECI 
CALL CO~"P(T[JB1 ,P1 ,VOL1 ,Y1 ,0.0,0) 
I~(p1-PACT(~)+p~F)O,O,~5 
Kr.:;K 
C *.**~'**'***.*******2*W*.***~**~*'a*******~***'*'************ ••• *., 
C f.iEA.SIJRE{) PkESS'_RE EXr:EF:CS CALCllLATrD PRESSURE 8Y PDF BAR 
C STARr COMBUSTICN CALCULATIONS AT THIS CRANKA~GLE 
C **********~**.~*****~.~*~.***.****'******** •• ***w****************** 
JFND=O 
DELWBO,DELS,\B,WR1 ,\lEd dn1 ,ShB1::v.O 
DELWB=O.01*\.'T 
THECI=(K-1)*2.0 
T Ii E =T H E S 
RH:THE/57.2 0 6 
X1=XS 
VOL1::BA*X1+CLVOL 
WUB1::::WT 
DELTU8=20.0 
DELTB=40.0 
T81::2200.0 
TUB1::Tuas 
V1l81=VOL1-V21 
RF2=3.0 
Rs:I)::5.0 
SAUB1=HSA+PT*X1*RCRE 
P1=PACT(1) 
JO=K 
K::K-1 
C *.************.*****A •• 'i*.*~**+***.******************************* 
C ~iEXT INTERVAL - CALCI'LAlf: VALUES AT END OF INTERVAL 
C K***~*********.*****P*·***********·******.******.*****************' 
523 K::K+1 
THE::THE+THECI 
NC,"lO,JCT1=O 
TTHE=THECI/0.()/~ 
WFl2=W81+2.0."DFI \JA-DEU,fll') 
1~(WB2.GT.WT)WB2:0.999*WT 
\.} U B 2 = \J 'r - W :1 2 
DFlWB=\Jf32- IJ81 
V I) 2 :: V A 1 + DEL' B I W li A 1 * 'J U P 1 
IF(VB2.GT.VCL1)VR~=VGL1-1.0 
vua2=VOL 1~V(l,2 
RH::"HE/57.296 
X4=(ST/2.0)*(1.n-rOS(pH)+ER-SQRT(E~*ER-SIN(RH)**2) 
VOl4::BA*X4+ClVOl 
WRITE(2/785)X4,VOL4,~B2,vn2.VUB2 
SA64=SAB1+DElSAR 
SAUB4=HSA+Pl*ROQE*X4-SAR4 
SAVUB=(SAU31+SAU84)/~.O 
SAVB~(SA~1.SA~4)/2.0 
P4:::PACT(K) 
PAV=(P1+P4)/2.n 
C **********«.*.~*****~*'*~*************.**.*******.*******.********* 
C ASSU~E FINAL TFNPEQA1UkES 
C **************.*****+*~******.*************.*******.*************** 
TA4=TR1+DELT9 
TUB4:::TU81+0tLTIJB 
GO TO 211 
210 T~4=O.6*TB4+0.4*T8E4 
TuB4=O.6*TU84+0.4*lUFE4 
211 TRE4=T04 
TUtH 4=TUFl4 
TBAV=(TB1+T n 4)/2.n 
TUBAV=(TU81+TIJQ4)/2.0 
LK"1=O.3 
C **************'****~'*T*~*****~***'******************************** 
C C ;\ L C \ I l ATE C ~ ARC E C 0 H P 0 SIT t c,.. B,~ S ~ DOl: /-' F II N V f. L V t S FOR I~; T E R V A l 
C **************~****.****W*~.**.************************************ 
CALL E8URNCTBAV,PAV) 
CPMR1:CP~EA~(TL,TUB1,O) 
VI14=VOL4-VUB4 
GO TO 194 
193 VB4=V8P4*(P84/p4)··('.n/GAM~AP' 
IF=(VB4.LT.O.001)Vf14:0.001 
VU84=VOL4-V84 
380 
C **************~****~~*****.***~****************~***************.***.: 
C r. MJT J N U E L () 0 p 1 ~I G II ~ T J L f, IFF ERE 'J C E t S II C C F PTA 8 L Y SMA L L 
C **************~***************~***x*~***********************._******-
, 9 4 I F ( A e 5 ( ( V Fl 4 - V 8 P 4 ) I V 8 PI.) • LT. () . no 1 • A /I; D • A B S ( ( V UBI.. - V U 0 P 4) / V U B P 4) • l T • 0 
101.AND.ABS(P4-PB4).LT.O.003.A~D.ABS(P4-PU84).LT.O.003)GO TO 222 
f'HINE=194 
WRTTE(2,798)NltNE 
272 TR4=PR4*vR4/wr2/R~/1COOO.O 
TuB 4 = P U 8 4'" V liB 4 J\.I U p. 2 i R \.J / 1 0 (\ 0 () . (I 
\~ R 1 T E ( 2 I 795) T R 4 I T I J B 4, vB L. I V lJ R 4 I P B I. , PUR 4, P 4, W b 2 
WRrTE(2,795)GA~MAP,GAMMARIQLOSSB,QlOSSUB,RP,WNOLP,SA84,SAUB4 
Nrp::NC 
C *.***h***.***.W**************.*.**~**~*.******~**.******* ••• *.*.***. 
C C () t· PAR E CAl. r. U L ji T F i'l poE S S lJ rn: IJ IT H ,.., E ;\ S UHF (\ P IH S S 1.1 R E 
C IF ERROR ACCEPTABLE GO TO 562 
C **********+.**~**.***********.*.****************~******************* 
IF(ABS(PACT(K)-P4).LT.O.04)GO TO 562 
fi C:.1 0 
I~(PACT(K)oP4)~,O,225 
N C = 1 
225 IF(ND.E~.1)GO Tn ?26 
I F ( N C • N E • NCr;) L K ~ :: UU1/ 3 
226 IF(DELWB.LT.O.0n5*WT.AN~.~C.EO.1)GO TO 565 
IF(WB2.GT.O.99R*~T.A~D.NC.EG.O)GO TO 561 
C **~*****************~*t*.**.**.***w*******t************************* 
C A f) JUs T MAS 5 f\ U ~ ~iT FOP Hi"( F. R V A L TOG I V E t--lC REA C C U FAT E C II LeU L ATE D PRE S 
C **************.*******~*'h*** •• *.*.**.W**********.****************** 
wB2:wr2+snRT(WR2/~T)*(PACT(~)-P4)/PACl (~)*LKM 
IF(We2.GT.WT)Ws2=0,999*WT 
\lUB2;;:~JT"Wfl2 
DELWS=IuB2-lJ21 
I F ( 0 E L \.! 8 , LT. 0 • ()) 0 r l\~ 8 = 0 • 0 I) 0 () 1 * W T 
V F\ 2 :: VB 1 + DEL \.' 0 / W U B 1 '4< 'J I) B 1 
J~(VB2.GT.VOL1)VB2=VOl1-1.0 
VU£l2=vOL-\"'V82 
WRITE(2,795)P4,TB4,TU84,V82,VUB2,WB2,DELWB,~U82 
GO TO 501 
C *********.********************************************************** 
C CALCULATED pqESS OK,CHECK INITIAL ESTIMATFS AND ~EPFAT IF ~ECESSARY 
C **********************~*~***~*~*+****.**~************* ****k********* 
562 SABEll=SA94 
RF4=FLARAD(~F4,X4,V84) 
SAB4=SAW+SAP+SAH+SAS / 
SAUB4=HSA+Pl*EORE*X4-SAB4 
J F (SAUB4, LT .1. () SAUb4=1.0 
SAV8=(SAR1+SAB4)/2.0 
SAVUB=(SAUB1+SAUB4)/2.0 
Jr,T1:rJCT1+1 
IF<JCT1.GT.JC~)GO TO 221 
I r- (A B S ( T 8 f. - T 8 E 4 ) • (; r . 2 0 . () . ('I R . ~ R S ( T LJ fl /" - T IJ n E 4 ) • G T • 1 () • 0 ) (j a T 0 21 0 
IF(A8S(SAB4-SARE,).GT.O.01*(SfB4+SAUB4»G0 TO 188 
un TO 223 
2 2 1 N L I I) E = '( 21 
WRITE(2,7t')J1)NLHd: 
C .*.*****.*~.*.~**** •• *~*.~***.**********.*.*********W*****,********i 
C CO~DITIONS AT E~D OF !~TERVAL r~,RESET INITlAL VALUES 
C *****~****************~**********************************_.* •• *****; 
CPMR2~C?MEA~(Tu~1.TuB4,n) 
Cp"'P'::CP;~tA,\(TI ,TflAIJ,2) 
CPHP2=CP~F.A~(Tn1,Ta4,2) 
CV~R'=C?MR1-8.3'4~ 
CVMR2=CPMR2-8.3143 
CVMP1;CD~P1-8.3143 
CVMP2=CP~P2-B.3'43 
GAM~AR=CPMR2/CVvR2 
GAMMAP=CP~P2/Cv~P2 
W~OLP,U?4=O.O 
DO 180 1=1,11 
\J ~~ 0 L P :: '" I~ 0 L P"I' P r-" ( T ) * i,:~ 0 L ( I ) 
'~0 UD4=UP4.UOF(I)*p~(I)/~MOL(J) 
UP4=UP4~CEn 
R p :: 8. 3 1 4 3 1 t.J IJ 0 L P 
RHO:PAV*100.0/TUR~V/RU 
W p J T E ( 2 , 7<1 5 ) R H tj , U C I. , C V ~I R 1 , C "j r~ p ? , C V ~~ p 1 , C V ~ r 2 , I.! r~ 0 L P 
5 G 1 N (') :; ~I D .. 1 
38)" 
C **********A***w*****~*'*~*~**.~***~.******.**********.****w********· 
C C c~· B lJ S T ION S T F.~' A" [l, I T 1 ALP J S 1 U ~. ~ fJ $ I T ION 
C 
C H'ER(;Y BAL~"'CE FOQ 81'p!,T/1I~i3tIlH;T CHlIl1GE AT CMJSTANT VOLlI/-lE$ 
C *****.********.*****~*.*******~***k****.***.***.****** **.*~* •• *****, 
T R 2 :: T L + ( ( ( Tl ~ 1 - T L ) * C V ~i 111 / \..' M () L R + ( ti R - U P t. ) ) * D E Ud~ ... ( ( U ? 1 - U P i.) ... ( T 81 -11.J 
1 * r V H P 1 It,' I~ 0 L r ) * 1.1 B 1 ) I C VI', P 1 ,. \..' MOL p 1 to! B 2 
TuR2:;TU81 
P82;wP2~R,P/~B2*T8?10000.0 
WCITEC?,790)T8?,pp2 
C * •• *****~i~.* •• **~w,.~.w~~**.**.*********~.*******,*********** •• *** 
C PISTON MOV~ME~T A~n HE~T TRANS~ER STEP 
C 
C FXPANSION/COMP?ESSIO' OF CHARG~ Tn ACHIFVE PRESSURf EQUILIRRIUM 
C ** •• ****~*.***.***.*T* •• ****k**.*******.M*******'At***~*****2~***** 
lr:(Ve2.GT.VLB2)GO 11) 192 
V R 4 :: ( P B 2 / p 1 ) * * ( 1 . () I G ,\ t·l MAP) * \' B 2 * VOL 4 / VOL 1 
t F ( V B I., • l T • 0 . 0 0 1 ) " r I. :: 0 • 0 0 1 
IF(V84.GT.O.9*vrL4)VB4~O.9*~OL4 
VlJB4=VOL4-V84 
GO TO 138 
192 VUB4=VUB2*(P1/PR2>**(1.n/GAMMAR).VOL4/VOL1 
I r: ( v U 8 4.. LT. 1 • 0 ) v U fl I. :;;., • 0 
vn4=VI)L4"'VUB4 
C *.**.*ft*******~*****.*,.***********~*********.******.*********.***** 
C CALCLILATE HEAT TR~~SFE~ ~ASED n~ MEA~ ~ALUES FOR I~TERVAL 
C **,*******.********~**~*****+ •• ********.~***********************.*. 
1RR HTCB=HT~.SQCT(PAV*TBAV) 
HTCU8:HTF*S~RT(PAV*TUPAV) 
QLOSSB=(TRA~-TW)*HTCB*SAVB*TTHE 
Q LOS S U 8 ;; ( T U tl A V - T I.J ) .. Hie t I 8 .. S A \ i I P. .. T THE 
DO 194 Jv=1,JCr·\ 
VAP4=VB4 
V IJ B P 4 :: V IJ R t. 
I F ( V U R 4. LT. , 0 • 0 > r~ LOS S U 8 = (l • 0 
T R 4:; T 5 2,. ( V f3 2 I v ~ 4 ) * 1< ( GAt" HAP - 1 , (i, - Q LOS S B JI..: A 21 C V,, P 2 * W /·10 L P 
\ 
TUB 4 = T U P 2 * (I U P 2 / Ij t ' H 4 ) .. * ( G A /i! f' A P -, • () ) - 0 L ("I S SUB / I.rJ U 8 2 1 C V M R 2 * ~i 1-1 n L R 
I F ( TUB '.. LT. l. 0 ('l • 0) T U R 4 :: 4 0 0 • 0 
pp4=wr2wRP*TBL/Vq£*100n~.O 
PUB4=WUll?*Rr:*TIJP4/VIJ84*' 000."). () 
P I. :: P B 4 * ( W B 2 / '-1 T + () . 'i ) / 2 • 0 + P I J S L. ." ( 1 • 5 - 1,..' f3 2 / I.J T ) I 2 • 0 
IF(V84.LT.V~94)G0 TO 193 
V IJ B I. = V U 8 P 4 .. ( PUR [" I pI,) .. .", ( 1 • 0 / G A I,' ~, A R ) 
IF(VUB4. LT.1.0)VUR4=1.0 
" ? 3 0 F L '..' 8 0 ;.:z DEL \,) G 
(')FLWB::\J82-I./Q1 
OFl.TB;:TB4-Tt~1 
DElTUf3:::TU(lI.-TUR1 
DF.lSAB=SAR4-SAR1 
Up1=UP4 
TUa1=TUB4 
T~1cTB4 
VlIB1=VUB4 
VB1=VBL. 
P1:::P4 
SAB1:::SAB4 
SAU81::~AU84 
IJB1=WA2 
wu01=WUB2 
,qO J=I( 
FSPEED=(~F4-nF1)/TTHE 
RF2=Fl.ARAD(~F1.)(1 ,VB2) 
TFV=(RF2-RF1)/rTHF 
RF1::RF4 
X1=X4 
VOL1;vOL4 
382 
C ***.**.**~****.*******_*w*****.***_**.*************.*****~***~*.***, 
C STOf~E CALCULATED VAlllES IN ARR1\Y FOR Fl~!AL OUTPUT 
C **.********.**.*****~*~*****k •• *+****.*******.******** ******.******, 
OSA(1,K)::THF. 
OSA(2,K)=VOl4/1000.0 
nSA(:S,K):::P4 
OSA(4,K)::TBf. 
OSA(S,K)=TUr:.4 
OSA(6,K):::W62/WT*100. 0 
OSA(7,K)=VB4/VOL4*10C.O 
OSA(S,K)::FS;:>EEO/1000.0 
OC;A{9,K>=RF4 
OSA(10,!()=SAB4 
OSA{11,K)::P4/RU/TI18 / .. *10"t.1) 
OSA(12.K)=P4/RP/TE4~100.0 
OSA(13,K):(0LOSSB+QL0SSUB)/TTHE/1000.0 
Ostd14,K)::R? 
o S A ( 1 5 I K ) :;:: \~ 1.1 0 l P 
OSA(16,rC):TFV/1000,O 
DO 55/. L:17,27 
5 5 I. 0 S A ( L , K ) :: p IJ ( L - 1 6 ) * 1 . (\ E 0 2 
~~ pIT E ( 2 , "795) P 4, T B I, , T U a;.. I V R 4, W 82, R F 4, 1= S PEE D I THE 
JF<JEND.EQ.1>G() T(' ~92 
THECI=CAtNT 
Go TO 523 
561 W R I T ~ ( 2 , 796 ) 
GO TO 574 
565 WRITE(2,797) 
PnF=P[\F ... O.5 
IF(WB2.lT.O.1*WT)GO TO 263 
574 RF4;FLARAD(RF2,X4,VB4) 
578 JENO=1 
GO TO 590 
C **********~**.A****~~*~*~*********.*****~************************** 
C PJ 1) 0 F C v C lEC.t\ L C S , 0 t' T PUT k E SUi. T S 1 ~J TAB U L A R FlnH: () N LIN E P R I NT E R 
C ~***+***~*****.*****~ •• ***********~*******.************************ 
592 JCO!>1:K 
W R I T E ( 2 , 800 ) N • BOP E , <; PAR ~ , S T , VOl. E ~ F , C R I. 
~J R I T E ( 2 , R 2 4 ) PH 1 , C P , A F R , T W I P:{ E S G I .1 TOe C , TAT 
WRITE(2/836)5Q,PAT,nC,PMA,R~,RHOAT,RIN/REX,XIN,XEX 
WRITE(2,B50)HIN,RSP,~T,RU,WMOLR 
WRITE(2,9S7) 
WRlTE<2,958) 
WRITE{2,926)«OSA(L,J),L=1,9),J~JD,JCOM) 
WRtTE(2,959) 
WRITE(2,960) 
WQITE(2,926)(OSA(',J),PACT(J),(OSA(L,J),L='O,16),~=JO,JCO~) 
\.JR JTE (2,961> 
WRITE(2,962) 
wRITE(2,938)(OSA(',J),(nSA(L,J),L-'7,27),J~JD,JCOH) 
K=KC 
C F. FF ;I C E F F * I.:J B 2 Hl T 
W R I T E ( 2 , 79 0) C E r- F , ~J B 2 
383 
C *.************.*************** •• ***.*********~-*****************.**** 
C IF LESS THAN 99.41 OF MASS BURNT,PEPEAT CALClJLATIO~S WITH iMPROVED 
C VALUE OF EFFICIENCv COEFFICIENT 
C *.*******.****.****************************~*****.******************* 
IF(VB4.LT.O.?94*V0L4)GO TO 174 
710 FORMAT(8FO,0) 
711 FOR~AT(1H ,F20.s) 
720 FOR~AT(6FO,O) 
730 FORMAT(4FO.O) 
740 FORMAT(7FO,0,IO) 
75() FOR""AT(FO.O) 
760 FORMAT(SOFO.O) 
77 0 FOR t·i A T ( 2 I 0 ) 
78n FORMAT(1H ,9F12.3) 
785 FORMAT(1H ,5X,SF15,3) 
7QO FnRMAT(1H ,2F'5.4) 
795 FORMAT(1H ,SX.?F14.4) 
79~ FORMATC1H ,'I~~UFFIE~T FUEL TO ACHIEVE MEASURED PRESSURE') 
7Q 7 F () R 1>\ A i ( 1 H " F. X P f. R I r.., E 1\ T h. Leo :., iHI S 1 ION C 0 ~1 P LET E , ) 
798 FORMAT(1HO,25x, '*,** ~AQNING ****'/5X,'OUTSIDE SpECIFIED TOLERANCE 
1 A T S TAT E r<l E :~ TN!') I , 1 '. 1 ) 
aro FnRMAT(1H1,20X,'CCM~CT~~ SIMULATtO~ OF COMBUSTION IN A 5.1 ENGINE 
1USING MEASURED PRESSURE OATA'121X,78(';')/1 
21x,'TEST CO~DITtO~S ARE',30x, 'ENGINE DETAILS ARE'/20('·'),30X,,8(' 
3-')/1 
41x,'ENGINE SPEED (RPM) ',13X, '=',F7.1,10X, 'BORE (MN)',28x,'=',F6.21 
51 
61x,'IGNITION TIMING (DEG BTOC) ',5X,'=',F5.1,12X, 'STROKE (~M)I,26XI 
7'::',F6.211 
8 1 X , 'V 0 L U ,., E T P I r. E F F J C 1 E ~J C Y ( %) , , 6 X , I = , , F 5 • 1 , 1 2 x , , r, CJ N 1\ 0 0 l F. ~~ G T H ( M ~ 
9)' ,18X, '::' ,r6.1) 
8?4 FORMAT(1HO, 'EQUTVALE~CE RATTO',16X,':',F5.2,12X, 'COMPRESSJO~ RATIC 
1!,20X,'::',~5.211 
21x,'AIR TO FUEL RATIOJ,14X,'=',F6.211 
31x,'W~LL TEi1PERATLliH (Df:G to',7X,'=',F6.111 
4,x,'RESIDU~l MASS r~ACTION (%) ',5x, '=',FS.11/ 
S1x,'COMRusrI0N CHAhu~R OETAILs ARE','9XI'~TMUSPHERIC CONDITIONS AI 
6E'/31<'-',,19X,26('-')11 
71 X , , S Q lJ 1 S H P t. ATE T Y P f. ' , 1 4 X , , = , , I 3 , 1 4 X, , T E ~1 P F. P. A T U R E (D E G K)' I 1 8 X , , : 
8.,F6.1) 
83~ FORMATC1HO,'SQUISH COVERAGE (X)',12x,'=',F5.1,12x,'PRESSURE (BAR) 
1, ?'3X, ':.'I', F5. 2/ I 
21 X I ' [3U,., PIN GeL EAR A N C f: cr~ ~1) I • 9)( , , :! ' , F 5. 2 , 1 2)( , , S PEe I FIe HUM t 0 I T y OC 
3' ,16X, '=' ,F5.111 
4 1 X , , SPA R K P I. 1I (j I f~ 0 REP. X [~ ( r~ 1-') , , 6 X , ' ;: , , F 5 , 1 , 1 2 X , , 0 ENS I T V (K G I ,., * ... :3 ) 
5,?OX,'=',F5.211 
61 X , I I ~j LET V ~ LV t R A f' t II S (~1 ;.1) , , 8 X , , :: ' , F 5 • , I 1 
71 Y. I ' F X H !:, U S T V A L" E R .'\ r: lU ~ (M IA) , , 6 X , , = , , F 5 • 1 1 I 
81x, 'INLET VALVF/~PA~~ PLUG (M~) ',4X, '=',F5.111 
9 1 )! I ' E X H 1\ U S T V I~ t V r: / S f.l " P I( P L U (, (M t~ ) :: I , F 5 • 1 ) 
8 5 (') FOR ~1 A T ( 1 H (j, I V A L V f. P. E C E S S 0 E i' T H (~'1 M) I , 8 X , ':: , , F 5 • 2 I I 
11x,'SPARK PLUG RECfSS ~ADIUs (MM) =',FS.21111 
21 X , 'C ALe U LA TED H I X T 0 ~ 1:: PAR A rl E T E R S ' I 30 ( , - , ) II 
31X, 'TOTAL MASS OF CHAHGE (G)',?X,'=',F7.411 
41X,'GAS CONSTANT (KJ/KG DF.G K) ',SX,'=',F6.3IJ 
51X, 'MOLECUl"',R WEIGHT',1 SX, '=', F6. 2) 
926 FORMAT(1HO,F1'.1,8F12.3) 
938 FOR"IAT(1H ,':"PF10.1,5F10.2,4D6F10.2) 
384 
957 FORMAT(1H1,' CR'\N~ 4~.GlE',4X,IVOLUr--E',5X,'PRESSURE',3X,'BURNT TEMP 
11 ,2X, 'UI>J8URH TH1P :~ASS BUR"lT VOL StlRNT FLA~'E SPEED FLAI"E RAO') 
958 FnRMAT(1H ,3X, 'DEGREES',9X, 'CC',QX, 'BARt,8X, 'DEG K',9X, 'OEG K ',8X 
1 , ,% ' , 11 X , '% ' , 1 () X , 'f'" / S , , 1 0 X , ' ,.",..1 , ) 
959 FOR~iAT(1HO,' CRA~JK i'i'oGI.E',4x,'HEAS PQES$ SURF AREA',4X,'UNB DENS', 
12x,'BURNT DEt-;S',3X,'HEAT LOSS',3x,'GAS COt-.ST',3X,'MOL IJT',4X,ITURB 
2 FL SO') 
9~n FnRMAT(1H ,3X, I~EGREES',9X, '8AR',6X, 'MM**2',?X, 'KG/Mt3 1 ,6X, 'KG/ Mt3 
1!,8X,'KtJ',RX,'KJ/KG K',19X,'M/S') 
9f.1 ForH1AT(1HO,' C~U~H: A~GLF. ',/X,'C"2',8X,'CO',8X,'N2',7x,'H20',8X,'O 
12',8x, 'H2'/3X, 'No',dX, I~H' I~X, 'H',9X, '0' ,9X, '~') 
962 FORMAT(1H ,3X,'DEGREES',6X, 'X',9x, '%',9X, 'X',9x,'X',9X,'X',8X,'PPN 
1 ',7X,IPP~',!X, 'pp~',7X, 'PPM',7X, 'PPM',7X, 'PPM') 
STOP 
EN!) 
e 
c 
e 
e 
e 
385 
SIJBROUTINE DIM 
****************~*********~******* •• ***~+****.*.*.********~****.* •• * 
...... * ... 
... DIM CALes THE DIMENSIONS OF 7HE SPECIFIED COMBusTION CHAMBER *. 
•• ** 
•• ***~.** .. *.*******.*****.** ••• ****.*** •••• ******.**.*******.******* 
COMMON/OLOC~ 1/RR,RR,SOA,SQR,BA'JTOCC,PERPIPERPD,RMAH,RMA~O,B,Pl 
COMMON/BLOC( 2/GMrN,C,RFX,RTN,X~X,XIN,ST,RSP,SAW,SAH,SAP,SAS,S~F 
enM~ON/BLOC~ 3/SPTHE,SPTHX,~V,CEv,CIV,CR,HEX,Ht~,Nl 
eOM~ON/BLOCl( 5/VB,PC,RS,RSB,Br.,PH,SH,UI')FC12),TTHE 
,JCM=30 
CIVOl=OA*ST/CCR-1.0) 
SpTHE,SPTHEX,SPF,RMAM=O.O 
rF(JiOCC.~E.3)S09;O.O 
IFCJTOCC.EQ.1.0R.Jl0CC.~Q.7)SOA=O.O 
I ~ ( R S P • l T • ( P II + (') . I) ) ) R S P:: P H + 0 . 5 
PFR::>/PE~?D1I300.0 
KDIo:1 
IFCJTOCC.GE.7.AND.JTOCC.lT.10)KDJ=2.0 
SPVOl=Pt.(REX.*?*~EX.RIN**2*HIN+(RSP~PH)/6.0*KDt~(3.0*(RSp~.2-PH1 
12)+RSP .. PIO-'·2) 
tF(JTOCC.GE.9)GO TO 20 
tr:(Jl0CC.EQ.8.0R.JTOCC.EC.6)Go 10 29 
SHc(CLVOL"SPVOL-BA·BC)*100.0/(100.0~(SaA+SQB»/BA 
C *.*~.********.***.*.****~***.**.* •• *** •• ***********.*********.***.*. 
e J10Cr = 1 FO~ ZERO SQUISH,~ FOR VEE. 3 FOR DOUBLE, 4 FOR SINGLE ON 
C PLUG SIDE. 5 FOR SINGLE ON VALvE SIDE, 6 ~OR BOWL IN PISTON 
C 7 FOR OUAL SPARt</oISC, 8 FC)R DUAl SPARK/8()WL IN PISTON 
e 9 F 0 Q 0 U j.\L SPA q j(/ f.j E MrS P IH RIC A L, 1 () r: 0 R II ErA I S P HER I C:'\ l 
e .0****************************.*****.****+***·*·**·.*****.***~* •• ** 
Ir:CJTOCC.EQ.7)GO TO 21 
IF(JTOCC.EQ.1)GO TO 28 
J~P=O 
Sa=SOA 
tFCJiOCC.EQ.2)sa:sQ/2.0 
SQAea~,o!ISQI100.0 
C *~*e ••• ~*** •• *.***** •• *.*****.************.**.**.**.*************** 
C TO CALCULATE SQUI~H PLATE ANGLF SPTHE 
e ~********~~***********.**********.~****rr***.*****.***.***********.* 
19 IF(SQ.F.Q.O.O)GO iO 24 
SPl'HX::O.f\ 
?2 SPTHE'aSPT~IX 
SPTHX;SQ.PI/'OO.O+SIN(2.n.SpTHx)/2.0 
t~(ABS(SPTHE'-SPTHX).LT.O.on1)GO TO 24 
SPTHX;(SPTHX+SPTHE1)/2.0 
GO TO 22 
C •• ****************************.*************.*****.*******-*******. 
C CALCULATE COMBUST tON CHAMOER DIMENSIONS 
C *~.w*** •• ***.***.**********w*******.******.******.*.**** •• *.**.**.~ 
c 
24 RMTM,B,C,GMIN=O.O 
PFRPOI.'l300.0 
SoX:RC*COSCSPTHX) 
SPY~RC·SINCSPTHX) 
t!= <JSP. Ea. 0) SPTHF=SpTHX 
I~(JSP.EQ.O)SPT4X::O.O 
tF<JSP.EO.1)GO TO 26 
GO TO (O,25,27,~7),JTOCr. 
386 
C TYPES ~(SlOE2)ANO 5 (SECTOR TYP~ SOUTSH ON OPPOSITE SIDE TO SPARK PLUG 
c 
26 PFRPD=SPX+RS 
RMAMO=SQRT(PEQPD**2+SPV**2) . 
IF(JTOCC.EQ.5)PERP~pERpn 
Go TO 28 
e TYPE? (DOURLE VEE SErTOR TYPE SQUISH AREA) 
c 
25 PFRP~SPX-RS/2.0*SQRT(2.0) 
RMAM~SQRT(PERP*~2+(SPY.RS/2.0*SQRT(2,0».*2) 
RMtM~SORT(PERP**2.(SPV-RS/2.0.SQRT(2.0»·*2) 
GMIN::ACOS(PERP/RMIM) 
I != ( G ~, ! N • (j T,P I I 4 • 0) G ~1 1 N :: P ! I 4 . 0 
VANG::Py I 4. O-Gr-1JN 
R = R C * • 2 11 A T A "I ( SIN ( V A N G ) * P r: R P I r: 0 S ( (j MIN) I ( COS ( V A ~l G ) '" PER PIC 0 S ( G 1-1 IN) + R S 
1)'.TAN(GMI~)·PFRP**2-RS.5IN(VANG'*PERP/cnS(GHIN) 
e:(SPY-RS/SOR7(2.0»*2.0+RC.2.o*ATAN(SlN(VANG).PERP/COS(GMIN)/(COS 
1{VANG)*PERP/COSCGMIN)+RS» 
GO TO 28 
C TYPES 3(SIDE1) AND 4 (SECTOR TYPE SQIJISH ADJACENT TO SPARK PLUG 
27 Pr=RP:::SPX .. RS 
RMAM~SQRT(PE~P.*'.SPY··7) 
GO TO 28 
c 
C TVPES 9 AND 10 (HEMI-SPHERICAL HEAD) 
C 
e 
20 SOA~SQA*BA/100.0 
RR~SORT«B~~SQA)/PI) 
tF(JTOCC.EQ.9)RSR=RS 
UFX,HP.J=O.O 
VOLO::CLVOL-8A*P.C 
SW=VOLS.2.0/PI/RR*.2 
on 3~ ]=1,JU, 
32 VOLC=PI*SH/6.0*(3.0*RB**2+SH*.2) 
IF(SH.GF.RB.AND.VOLB.GT.VOLr)GO TO 34 
IF(ABS!(VOLC-VOL9)/VOLB).LT.0.00n2)GO TO 35 
SH=SH*SQRT(VOLR/VOLC) 
33 IF(SH.GT.RB)SHuRB 
\.IQITFC2,910) 
910 FORMAT(1H , '*.*OUTSIDE SPECIFIED LIMITS AT LINE 34 **~I) 
Go TO 35 
34 SH~RB+(VOLBY2.0/3.0*PI*RR •• 1)/(PT.RB**2) 
35 J·rO:::JYOr.C .. 8 
tlR:f(RP,·tl*2+~H'~*2) I'l, OISII 
IF(SH.GE.RC)RR=RR 
WQtTE(2,690)RR.RB 
GO TO (21,28),.ITn 
c TYPES 6 AND 8 (~OWl TN PISTO~ WITH SiNGLE OR OUAL IGNITION) 
e 
29 SnA~SQA*BA/100.0 
RA~SaR7«aA~SQA)/Dt) 
I~{RR.aT.RB)GO Tn 38 
SW=«CLVOL-spvnl.-PA*BC)/PI-CRR-RR)**2*RR-2,O/3.0*RQ**3-Pl*(RB-RR) 
1RQ~RR/2.0)/K~/RR+RR 
Gn TO 39 
38 S~~RR-SQ~T(QQ**2-pB**2) 
BC:::( CCLVOI. .. ;t:-vnl-p!*SH/6. O*(~.(')*QR**2+SH**2) )/BA) 
WQIT~(2,69n)6c.RR 
6Q 0 F I") R 1-1 AT( 1 H , ~ 20. 4 ) 
39 IF(JTOCC.NE.8)GO TO 28 
c TyPES 1 ANQ 9 (DUAL IGNITION SV~METRTCAL SQUISH DESIGNS) 
e 
21 PFRPO=RS 
R~Bt'!RS 
RMAMO=SQRTCPERPD**2+RC**2) 
PFRP:.1PERPO 
SPY,SPTHE=O.O 
28 JC;P=JSP+1 
So:zSQB 
JFtJTOCC.EQ.3.ANO.JSP.F.Q.1)r,O TO 19 
SOI)=SQB*BA/100.0 
w~tTE(2,700)RMAMD,RMAM,PERPn,PERp,GMIN,B,C,SPTHE,SPTHX,SH 
387 
C CALCULATE CVL HEAn SURFACE AREh AT TDC BY CALLING SAVOL WITH RF =1~O 
CALL SAVOL(100.0,O.O) 
700 FORMAT(1H ,10F11.3) 
!HTUR~ 
END 
" 
-388 
SUBROUTINE SAVOI.{RF,X) 
C **.******.**********~**.****~**************** •• ** •• **~*** •••••••• 
e •• *. 
C •• SAVOl CALCUI.ATE5 THE V0LlJME AN!) ~URFACE AREAC) CORRESPONDING *. 
e ** TO A GIVEN FLAME RADIUS,PISTON POSITION AND CHA~BEq DESIGN •• 
e *~ ** 
e *.**.************.**~*w********************.***.*.*************** 
OTMENSION Z(99) .v~(99) ,c)F(9Q) ,~F(99) 
COMMON/BLOCK 1/RR,R~,SO~.SQR.AA,JTOCC.PERP,PERpn,RMAM,RMAMD,B,Pl 
COMMON/BLOC~ 2/GMIN,C,REX,RrN,xEX.XIN,~T,RSP,SAW.SAH,SAP,SAS,SAF 
COJ04MON/BLOCI( 3/C)PTHE,sp'rIlX,sV,cEI,I,CIV,CR,HEX,HtN,NI 
COMMON/BLOCK 5/VB,qC,~~,RSB,BC,PH.SH,lJ0F('2),TTHE 
COMMO~/BLOC~6/Knt 
JF(RF.LE.O.O)Go TO 300 
C *.*.*.*.***********.**i***~* •• ****'+*.******+****.****** •• ********** 
C tNITTALT!;E VALUES 
C .**.*.*****.*.*****~.*W*.****~***~*.*********.*********************i 
VFX,VtN,SAW,SAP.~AH,SA~.SAEX'~AIN,FAEX,FAIN,S,VF(1)/SSi,RT=O.O 
KOI=1 
N I ::: ( ~I I I 2 ) * 2 + 1 
IF(NI.GT.99'Nl:99 
!F(~F.GT.PH)~T=SORT(RF**2-PH**?) 
IF(JTOCC.GE.7.AND.JTOCC.lT.10)KDt=2 
SpV=RC*SlN(SPTHF) 
SpVD=SPY·RC*S!N(~pTHX) 
SpTHD~SPT~E+SPTHX 
C **********************************************-********************~ 
C JTOCr.:: 1 FOR "/f:RO S()UISH,;? FOR IJFF.. 3 FOI' nOlJBLE, 4 FOR SINGLE ON 
e PLUG SIDE,S FeR SINGLE ON VALvE s!nF, 6 FOR BOWL IN PlSTOh 
e 7 FOR DUAL SPAR~JDI~C, 8 FOR DUAL SnARK/BOWL IN PISTON 
C ******** •••• **~.***.*********.*.* •• ******.*.**k****.** *************, 
IF(JTOCC.NE.3)~PTHD=SPTHE 
sv=spy*2.0 
SVO=SPVD1Io2.0 
SQ:::SQA 
H=X+~H+BC 
~~IAX=RC+RS 
RIv'IN=RC-RS 
JF(RF.lT.1.0)GO TO 5 
I~(JTOCC.GE.6)r,O TO 40 
I~(RF.GT.RMIN.nR.RF.GT.PfRP.OR.R~.GT.PFRPD)Gn TO 40 
5 lc:;H::500 
I~(RSP.lT.1.0)RSP=1.0 
H<;=ii.PH 
I~(HS.GT.RF)HS~R~ 
A~J:rU:**2-HS**2 
V~(N!)=Pl·AS·Knt 
I~(RF.GT.RSP)Gn TO 15 
V<;P=PI/6.0·(HS*(~.O*A$+H~*·~+~.O*RF*.2)+4.0*RF.*3)·KOI 
FSP=PI*2.0*RF*(HS+RF)-KDI 
GO TO 131 
389 
1~ AQS=RF*~2-PH.*~ 
APS=RSP**2"PH**2 
HpS=RSP-PH 
V~P~PI/6.0*(HS*(~.O*AS+HS**?+3.0.PF.v2)+PH·(~.O*ARS+PH**2+3,O*RF, 
12)+HPS*(3.0*AP~+HPS**2»*KDl 
F~p:2.0*PI*(RF*(HS+PH)+QSP~HP~)*K~1 
SSP=Pl.(ARS-APs+2.0~RSP*HPS)*rnI 
GO TO 131 
e *.*.**.**.********* •• ********.****~**********.**************.*.*.**, 
e CALCULATE AXIAL INTFQVAL IS' AND rOQRESPONDI~G OISTANCE FROM HEAD ,; 
C *.***.*.*.**.******.t********.***~.********************.****.******. 
'0 IF(H-R~-PH)O,O,~O 
~=H/(NI-1) 
tF(RF.LT.PH)S:(H-pH+RF)/(NI-1) 
GO TO 90 
80 S;(RF+PH)/(NJ-1) 
! F (RF.l T. PH) S:2. O*RF/ (Nt-1) 
90 r~H~lNT(SH/S)+~ 
UH::H"SH 
!F(JTOCC.EQ.6.0R.JTOCC.EQ.8)IS4~T~T(4~/S)+1 
Z(1):''P''' 
t F (RF.l T. PH) Z (1) ;-RF+O. non01 
00 100 I=1,(NI"1) 
100 Z(I+1)=Z(I)+~ 
I F ( Z ( N I ) • G E . IH ) 7 ( III I ) = R ~ - 0 • 0 I'l () 0 1 
IF(Z(NI).GE.(H-PH»Z(~1)="-DH .. o.n0001 
... 
c *****.***~~*********~*.*******.*.*~**.~*.****.*.*************.*~*** 
C CAlClllATE LENGTH/ARFAS AT 'Z' ~()R NT INTEQVAtS 
C *~*~*.***.**********i.~*.***.*****'**~*****+*.********************* 
c 
D!"I 150 1=1,Nl 
V=Z(l)+PH 
FPERP::PERP 
R=SQR1CRF*·2-ZeI)**2) 
IF (R .lE. O. O) R=I'l. O(i01 
Rn::RC 
R~::RS 
IF(JTOCC.NE.6.AND.JTOCC.~E.~lGn TO 220 
C BOWL IH PISTON 
c 
IFCV.lT. (BC+X»GO TO 222 
Rr=:::RSB 
t~(RR.GT.RB)GO TO 223 
221 Ro::RB 
H(V.LT.(H-RR))C,O TO 2?? 
YQ=SORT(RR*uR-(RR-H~V)**2) 
R~:zRB-RK+YR 
GO TO 222 
223 U(V.lE.(BC+X))GO TU 2?() 
Rn=SQRT(RR*h2-(QR-H+V)**?) 
220 IF(JTOCC.lT.9)GO '0 222 
C HEMI5PHERICAl HEAD 
IF(V.GE.SH)GO TO 722 
RI)::RB 
IF(V.lT.RA)RO=SORT(RR**2-(RR-V)**2) 
IH=RSB 
222 Rt-AAX=Rf)+RE 
fHtI N=RD-RE 
If'{RMIN.LT.O.O)GO TO 104 
Ir:(Rf.LE.O."l)GO Tn 105 
C * ••• *.*.**t~**~*.***t*************~+******************.**.*******. 
C CALCIJlATE ANGLES O~ INTEP~E~TlnN RETwEEN ~LAME A~O CHAMBER WALL 
390 
c • • • • • ~ ••• * ~ • t + •• ~ • ~ ~........ • • • • • • * • • * * + - + *. . · . . * • • • • * ~ * ~ ~ * • * • ~ •• " 
c 
c 
c 
C0SA=(RF.~?·R*.?-RD~·2)/2.0IRF/R 
cnSB=(RE**2.Qn. k 2-R·*2)/2.0/RE/RD 
GI"\ TO 10'5 
104 V~(I),St(t) .FF(T):O.O 
Jr:<R.I.T.(RE-RO»GO TO 150 
CALL VALVE(R.RO.RE,O.O,l.O,Yf(l),SFlI),FF(l» 
GO TO 1S0 
105 I~(R.GT.QMA\)CO~~=1.0 
1~(R.GT.RMA:')COSR::-1.0 
I~(Q.LT.Q~r\)Cn~A::-'.O 
JF(R.LT.Q~t~)Cn~~:1.0 
,\QAD::ACP<j (CCSAl 
B~AD=Acr'S(C( SR) 
DQAD:;IAQAO 
PQADfJO.O 
J 1 g 1 
J~,J3,J4,J5,J6,J7=O.O 
J~(R.LE.PERP)GO Tn 149 
JF(JTOCr..GE.7.AND.JTOCC.LT.10)GO TO 141 
II=<7.(J).GT.(SH"PH»GO TO 149 
I~{R.GT.PERPD.AND.R.LT.RMAM)GO TO 146 
J~(R.GT.PERPO)GO TO 141 
IF(R.GT.RMA~)GO TO 147 
R GT PERP AND I.T QMAM 
J1=O 
J r; ill 1 
GRAD=ACOS(PERP/R) 
OPAO:Pt-GRAD 
DRADIIIPI-GR4'" 
IFeJTocr.NE.2)GO TO 14Q 
C TVPF. 2 
e 
J 3 IZ 1 
Pp~D::lPJ/4.0-GPAD 
OP,AD~PI*O.75-r,RA~ 
OQAD=Pl-2.0*GRAD 
Xr:(PERP.LT.(RC-RE).OR.GRAD.IT.GMTN)GO TO 149 
J3aO 
J 411' 
OPADtiPI-G~AD-GMIN 
GO TO 149 
C R 61 PERPD AND LT R~AMD 
c 
'41 i~(JTOCC.EQ.a.OR.JTOCC.EQ.9)RMAMn=SQRT(RD*RD+~E.RE) 
IJeR.GT.RMA~D)GO TO 142 
GRAD=ACOS(P~QPD/P) 
CQAO:JGRAD 
tFeJTOCC.EQ.3)J23, 
J'3,J6r:1 
flPF.RP=PERPO 
I~(JTOCC.GE.1.AND JTOCC_LT.10,~PERP=O.O 
8RADl!!ARAO .. (jRAD 
60 TO 149 
e R GT RMA"'D 
142 V~{I)=BA-SQA~SaR 
1~(JTOec.eQ:8.oP.JTOCC.FQ.9)VF(I)=PI*QO*Rn 
I~(JTOCC.EQ.?)VF{T)=BA-?O·~QA 
SFCl)=2.0*RD*(PI-SPTHD)+SYD 
tF(JTOCC.EQ.2)SF(I):2.0oRD*(PI-2.0*SPTHD)+2.0.SVD 
, I. 
e 
1=1=(1)=0.0 
Go TO 15(1 
C R GT PERPO AND LT RMAM(TyP~ 3 nNLY) 
c 
146 J1:.::0 
J5,Jf"J7:s1 
GRAD=ACOS(PERP/Q) 
ORAD=PJ-GRAO 
CPAD=ACOSCPERPO/R) 
OPAD=PZ-GRAn-CRAO 
GO TO 149 
C R GT RMAM AND LT PERPD 
r F ( J Toe C • E Q • 2) .1 2 = 2 
147 J2os1 
391 
C *******~******.****++.~*~+~**"***.'**.****k***~*.***** ****.*********. 
C CALCULATE THE AREA AND l.I:NGTf\ IjALl.IEc; FOR THE=AXTAL l.OCATION 'Z' 
e *******.~**.**.*.***.*******~ ••• *.***.**+***+* ••• ***.**.~*********** 
140 VF(I)=(ARAD*R*R+RUAD*RD**2-RE.~1~(BRA~)*qn)·.,,-sa*J2+(O~AD·R*R.Pffi 
1 , ... 2 * T ,. N ( G R AD) ... ( 1 • o·~ J 3 ) + P R A I)" R * R * J 3 + R * J 4 ) * .I ,- ( R * R * eRA {'J - ~ E R P D * * 2 *-w1 
2N(CRAD»*J6 
$~(I)=2.0~qD.(BRAD*J1-SPTHE*J?)+~Y*J2.2.0*FPFRP*TAN<GRAD)*(J3.J5+ 
1?)+C.J4+2.0.PEQPD*TAN(CRAD).J7 . 
FF(I)=2.0*DQAD~RF 
I ~ ( J Toe C • LT. ? • 0 R . J T l) C C . E q • , -1 ) GOT 0 1 50 
V ~ (I) =V F (I}'" 2.0 
S(:(l)=s~(I)*2.0 
n(I)=FF(l}*2.0 
150 CMHINUE 
... 
C ***.***.*.***.~*****~***.***~**.*.r.***** ••• *.***********.~********* 
C CAL e lJ L ATE S II ,.\ n F F V H. / U N F 'J F N 0 q 0 J NAT F. S FOR 5 T H P ~ n N S I,' E THO 0 
C *.~***********~*****A*~****.*******.~.**********w.*+** k************* 
S lJ 1-1 E , SUM R , SuM S 1= , SUM S R , SUM F:: F , ~ II ~., P r: = 0 • 0 
On 120 t=2,(NI N 1),2 
~UMEF=SU~EF+FF(I) 
SUMSE=SUMSE~SFCI) 
120 SUME=SU~E+VF(l) 
on 130 1=3,(t.JI-V,2 
SUMRF=SUMRF+FF(Y) 
SUMSR=SUMSR+SF(Y) 
130 SUMR=SU~R+VF<l) 
C *******~**.*.* •• *********************~***.*****.******************** 
C r. ALe U L ATE VOL U 1·1 F. ANn SUR F ACE A p f A S FOR SPA R K P L 1/ G I v fJ. LV t: R E C E SSE S 
C •• ****.**************.:*~~*********.*********.**~****.************** 
RTS=IH 
IF(Rf.GT.RSP)RTS~RSP 
HpS::RTS-PH 
I~(HPS. LT.O.O)HPS:O.O 
liPS:.:RTS**2"'PH* ... 2 
V~P=Pt/6.0.HPS.(~.O*APS+HPS*·2)*KDt 
FSP=PI~2.0·RTS.HPC;*KDI 
SSPo ... PI*APS*KDJ 
l~(RF.lT.RSP)Gn T0 131 
F~P':O.O 
S~p=PI*(HSP.RSP.2.0-ADS)*KO' 
C ***~*.***.*****.** •• ~**~~****.****w******.*.***********************i 
C CAL C I ) l. ATE I N LET A N [) F X H A U <:; T V A I V F f.: F r. E S ~ IJ () L I - ~1 E ~ I S I I R F A C FAR E A S 
C ****.***************I*.*'*********'*****~*-************.*******.***~ 
1 31 r, ALL V II LV E ( R T , R J N , X 1 t\' , C T" , H TN, i/ I Ii , S A I ,; • FAT N) 
CALL VALVE(~T,REX,XEx,rEv,HFX,VEX,SAFX,FAFX) 
C *****.******* •• ****.**.***********~+***t**.*********** *************i 
C JNTE~RATE USING SlMPSONS MFTHOn OF APPROXIMATE INTEGRATION 
392 
e *******.***** •• **~*.**~.**********.*****+**.************************* 
140 V~=S/3.0.(V~(').V~(NI).4.n.~uMF+?O*~l'MR).VSP.VIN+VEX ' 
SAW=S/3.0*(SF(1)+~F(Nl).4.0.~UM~F.2.n*~UMSR) 
SAF=S/3.0*(FF(1).FF(NI)+4.0*SUME~+2.n*SUMRF).FAIN+FAEX+FSP 
SAH=VF(1)+SAIN+SAEX+SSP 
SAP=VF(Nt) 
GO TO (300,O,O,O,O,229,300,22Q)JTOCC 
!F(ISH.GT.NI)GO TO 300 
SASQVF(lSH)-VF(I~H-1)*2.0·VF(ISH-2) 
GO TO 230 
229 tFCISH.GT.(NI-1»r.0 TO 300 
SAS=VFCISH)-VF(ISH+1) 
230 !~(SAS.LT.O.O)5AS=0.O 
300 RfTURN 
END 
, 
c 
c 
e 
e 
e 
e 
SuS R OUT I Nt VA L V E ( R F , R, X, ( , t1, V B V , S;.. V, f- A" ) 
** •• *.**o*.* •• *.**.*.*~.~ ••• ~~~ ••• *.***.***.*.~.*.* ••• *** •• ~ •••••• *. 
•• ..-
•• SU9ROUTINE VALVE CALCULATES THE RIJRNT VOlU~E AND SURFACE AREAS ** 
.0 OF A VALVE RECFSS FUR A GIV=N Fl~NE RAD)US A~~ VALVE DIMENSION •• 
•• •• 
*O***.**~*.**.***.********.**.~* •••• ***.*.**.*.**.**** •••••••••••••• 
en~MON/BLOC~ 3/~PTHE,SPTHX,~V,r.EV,CIV,r.R,HEX,HrN,NI 
CO~MON/BLOCK6/KDt 
pt=3.142 
VRV,SAV,I=AV=O./l 
t F C H • l E • 0 . 0 ) I? F. T LJ Q ~j 
r~(RF.LT.(X-Q»RtTUHN 
IF(RF.GT.(X+R»GO TO 10 
C ~.*.*O*G*~*.~*~.~.************ •• *** •• *~***~*.**~*~.** •• *.*** ••••• *** 
e •• *.*O*6*.~ •• *.*.**.~~ •• * ••• ~.*.*.***.*.*******~ •• *.*.** ••••• * •••• *., 
C 
C CALCULATf VALVF RECfSS VOLur·1F(AREAS I=OR SINGlE iGNITI01-4 
C 
C •• *~.~.*~**.*.******~.*** •• + •• *.**~.*.~* •••• *.***~* ••• * •• **.*~******, 
Uc<R*·2+x.*2-R~.+?)/2.n/X 
Z=X-W 
V=SQRTCRF··2-7**2) 
THtlASItl(V/RF) 
BFaACOSn·J/Q) 
VBV=(RF~.2.TH-Y*7+Q**2*~E-W.V).H*KDI 
SAV=2.0*OE*R*H*KDr 
FAva2.0·TH·Q~*H*K~1 
II=(KDI.EQ.1)RETUR~ 
RMIN=SQRT(SV*·'.(r-R)·*2> 
RMAX~SQQTCSV**?+(r+R)*.2) 
JI=(Rf.LE.RMIN)Rr:TI.IRN 
I~(RF.GE.RMAX)GO TO 10 
e •••••• * •• * •• **.***.*.**.* ••• * •• **.*.*.~.*** •••• *.Q**2*.****~** •••• **. 
e 
e CALCIILATE VALVE IHCE<;S VOI.UMF/AREIIS FOR OUAL IGNITION 
e 
e •• ~*.**.~**u***.**.+~*.******.*.**~.*****.*.*.*.**.**. ~***.*.***.~** 
Y'H3I(Ttl!JACOS(SV/X)-ACOS("V/R~»)l2 n 
Ofar(BE+ACOQ(C/X»/2.0 
P=C-SQRTCRF**2-SV**2) 
Vr;V=(RF •• 2*(TH-SIN(TH)*COS(TH»+Q**2*RE-R*P*COS(2.0*SE -PI/2.0)/2, 
"*2.0~H 
SAV=4.0*Oe*R*H 
FAV E 4.0 1l TH*RF*H 
flFTURN 
'0 VIlV.PH~R~\)2*H 
SAv=2.0 wl'1·R*H 
IlAV-O.O 
QFTU~N 
END 
",. 
c 
c 
c 
c 
c 
c 
FIINCTION FLARAO(FR/X/V~T) 
•• * ••• *.***.*.****.*~****+*.*** ••• *.*****.~******.******* •• 
•• •• 
** FIARAD CALCULATE~ THE FLAME RADIUS CnRRESPONDING TO A •• 
** GIVEN aURNT VOLUMF,PISTON POSITION A~D CHAMBER DESIGN ** 
** 
••• **.*** ••• ********~*~****.*.*** •• ******* •• ***.********* •• 
394 
COMMON/BLOCK 1/RR.RR,SQA.SQRIRA,.ITOcr.PERP,PEPPD,RMAM/R~AMO,B,PI 
COMMON/SLOCI( 5/V8.RC,;.lS,f~SB.RC,PH,SH,lJ0F(1?).TTHF 
RF=FR 
VF=VBT 
R~M=SQRT«R~.RC).*2+(SH+RC+X~pw).*2) 
IF(JTOCC.EQ.7.0R.JTnCC.FQ.9)QF~=SOAT(SQRT(RS**2+RC**2).(SH.8C.X-~ 
1)**2) 
IF(JTOCC.NE.6.ANn.JTOCC.NE.~)G" TO 3 
tF(JTOCC.EQ.8)GO TO 6 
RFM=SQRT(CRs+Rrl**2+(nc+x-P4)k*2, 
RFK:SQ~T«~sa+QR)*·2+(SH+X+~r.-pH)**2) 
GO 1'0 4 
6 RFM=SQRT(SQ~T(RS**2+RC**?)+(GC+X~PH)**?) 
RFK=SQRT(SQ~T(RSR**2+RB**2)+(SH+X+BC-PH)**2) 
I. 1 1= ( R != :< • G T • >? F M ) R F ~~ :-:: R F K 
C * ••• ** •• *~.* ••• *****'*.******+~***~.*w*.** •• +.k*~.**** *************. 
C I ~J I r TAL R AD Y 115 Y NCR F />' E ~~ T () 1= 1. () ~·1 M 
C ***.******~******** •• *~*~~***.*~ •• j**.* •• *~.*.**.******************* 
'5 R T = 1 • 0 
J::O 
CHL SAVOL(RF,X) 
" .1=.1+1 
J~{Vli-VF)I),50,20 
C *.*.~*********.* •• *****************.***.~*i**************.********** 
C VOLUr-AE FOR E:,)TU1ATFO FI.M1F RAOTlJ~ TOr"! sr~Ht.,TNCREASF RAD BY tNCRfl.1EN 
C *.****************.*.*'****** •• ********+********1******************. 
-10 ~H=RF+!U 
1!=(RF.GT.RFh)GO TO 40 
VRF=VB 
CALL SAVOL<RF,X) 
1!=('JB-IJF)10,50,O 
C ***********.**********-*.***.-.*.***********.*.****.******~***** •• *i 
C P ,\ D J II S \H T H I N J NCR F M F N T I I PI FAR ! NT E R P T () n 8 T A I N rt~ PRO V ED V J\ L U E 
C *.* ••• *** •• *******.***.**~*** ••• * •• ****************** •• ******* ••• **{ 
R F :: R F .~ ( ( \j != - V 13 F ) / ( VB:' V f3 F ) -1 • I) ) .,. R I 
15 1~(J.GT.1)GO TO ~o 
CAl L SAVOt.(RF')O 
C .*.******.***-.*****.*-**********.*****************.**.*.,.**.***.**.~ 
C R~DurE INCREME~T TO n.1 MY AND RFP(AT PROCESS 
C ***.**.* •• *.*.*.********** •• ***.*.~.*******.****.****.* •• *~*.*.**.*. 
Rl=O.1 
GO TO 5 
C *.**.~.**~***.*.**** •• *********** •• ******** •••• *******.*********.*., 
C VOLUME FOR ESTIMATFD FLAME RADIUS TOO LARGE,DECqFASE RAD BY YNCRFME! 
C **~*.**.*****.************.********.*.*.*.***.*.* •• **************** 
20 IH=RF-RI 
VP,F:\jB 
l~(RF.LE.O.O)GO TO 30 
CALL SAVOL(qF,X) 
(j 0 'f a 35 
30 RY:;:RF+RI 
395 
VI'lIlO, 0 
3S IF(VB-VF)O,50,20 
C *~********~~*********** •• ****.****.*******.*********~**************., 
C RADIUS WITHIN INCREMFNT,LINEAR INTERP Tn nsTAIN IMPROVED VALUE 
C *.****** •• *.******.*~********.*.*.*********.*****.********.~*~****** 
RF=RF-«(VF-VOF)/tvS-VBF)-1.n)·RI 
GO TO 15 
40 IFeJ.GT.1)GO TO 45 
RFcRf"1.0 
Rt=O.1 
GO TO 5 
45 WRI7Ee2,900) 
IH=RH1 
50 FIARAD=RF 
900 FORMAT(1H ,'*.* COMPUTED FLA~E RADIUS EXCEEDS MAX RADIUS ***') 
RFTURN 
END 
, 
... 
,. 
, 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
396 
SU8ROUTtNE RESIDUL(RES,WF) 
~.~******.****k*****~*~*~**********+*******.********** .************ 
** •• 
... IHSiDUl CALCULATE<; THE COMPOSITION Or: THE CHARGE PRIOR TO IGN ** 
** .* 
*~*** •• **.************~**k***~*+*****.*****.*********. *****~******* 
C 0 t,1 M 0 NIB l 0 C K 4 1 P N ( 1 1 ) , P 1~ ( 1 1 ) , R ~ ( 1 2) , R 1'" ( 1 2) , i.J M () L ( 1 2 ) I Q ( 4) , PHI , J C M 
1 
C02 
2 
CO 
3 
r-;2 
AI=R=15.1/PHI 
WUB=1.0 
5 
Cl2 
6 
H2 
7 
NO 
8 
OH 
9 
H 
10 
o 
1 1 
N 
12 
OCl 
C *.********.**************~**~*************************** •• **********1 
C ~ASS FRACTIONS FOR au.: UNtT OF TOTAl. CYtlNDER MASS 
C *~***~*******~*****.**************k************~~***** *.*****.******~ 
WAIR::~'JUtH(1.0-RES)/(1.1)+I..JF+(1.0/J\FR» 
\.JoCT=WAIR/AFR 
~J~OIST=WAtR*I.H 
WOXY::WAtR ... O.23J 
WNTT=WAIR*O.767 
.. 
C **~ •• * •• *.*.**.~*******.k •• *~~*******.*.***.**.*****~* ****~.****.***, 
C COMSIDER ONf MnL OF FUEL wrTH n2,~2 AND ~OISTUR~ ONLY 
C *******.**.*********** •• * •• **~*w**~.t********.***.* •• ****.*******.**, 
R N ( 1 ) , R N ( 2) , R N ( 6) , R !, ( 7) , q r~ ( p,) , Q N ( 9) , R N ( 1 0) , R ~j ( 11 ) = 0 • 0 
RN(3)=12.5·79.0~/?1.0/pHl 
RN(4)=12.5*WF/O.233*32.0/18.0/PHT 
R~{5'=12.5/pHl 
IHJ(12)1II1.0 
C .*.*.*********.***************.*************************.*u**.**.**. 
C C4LClJI.AiF. f'.10lAR FRACTIONS FOR 7ERn ()ISSOCTATYON •• I.E 0(1) To Q(l.) 
C *.***** •• ***.*.****.***************.*****.T9***.*~****~************. 
I~(PHt-1.0)30,O,O 
Q(1)=RN(1)~2*RN(5)-RN(6)+RN(7)+(RN(8)-RN(9»/2.0+RN('O,-17*RN(12) 
Q(2'~RN(?)-2~RN(5)+HN(6)-RN(7)-(QN(8)+R~(9»/2.0-RN('O)+2S*RN(12) 
Q(3)=RN(3)·RN(7)/2.0+R~(11)/2.0 
Q(4)=R~(4).QN(6)+RN(a)/2.n+R~(Q)/2.0+9*RN(12) 
Y r: ( Q ( 2) • LT. (1 • ? . AND.} A • EO. 1 ) !J ( 2) :: 0 • 2 
I ~ ( Q ( 1 , • L j • 0 • 2 • AN 1) • J A • E Q • 1 ) 0 ( 1 ) =: 0 • 2 
Gn TO 40 
C ******.*********.**.*.*~***********.~**********.******~************* 
c swop SPECIE (2) ANn SPECIE (5) FOR THIS CALCULATION 
C ***+***~******~******************~~********************************* 
30 Q('):RN(1).DN(2)+R.O*R~(12) 
Q(2)~RN(5).(RN(7)+R~(1n)-RN(2)-R~(6»/2.n+(R~(8)-RN(9) )/4.0-12.5* 
1N(12) 
Q(3):RN(3)+(RN(7)+RH(11»/2.0 
Q(4)=RN(4)+P~(~)+(R~(8).RN(0»/2.n.9.0.RN(12) 
t r: ( Q ( 1 ) • l T • {) • 2 • AN 1) • J A . EO. 1 ) Q ( , ) ::: 0 • 2 
I F ( Q ( 2) . LT. 0 • 2 • A ~ ['I .J A • ~ () • 1 ) f) ( ? ) !: 0 . 2 
40 Do 49 1=1,4 
49 IFCQ(I) .LT.O.O)O(T)=O.()I)O()01 
aT~Q(1'+Q(2)·Q(3)+Q'4) 
Dn 45 1=1,4 
450(y):r:Q(])/QT 
00 50 1=1,4 
50 PNCt)=Q(t) 
P~J( 5) r:pN (2) 
CALL E9URN(1500.0.1.0) 
00 55 t=1,"11 
55 IHHI)=PM(I) 
397 
C ~ •• ~**.*+.** •• * •• *****.*****~**~**.*******~********.~. **********.k** 
C ~ASS/MOLAR FRACTION~ FOR RFACTANT~ 
C •• *.*****~ •• *.* •• **.*****.****.***********w*****j***.***********.*** 
Do 65 1=1,11 
GO TO <0,0,65,65,65),1 
RM(l)::IH1(n*RE~ 
6 5 C I" ~J TIN U E 
R~(3)=RM(3'*QE~+WNIT 
R~(4)=R~<4)*RE~+WMOlST 
~M(5)=R~(5)*RE5+WOXY 
R rH 1 ? ) :: woe T 
RNT=O.O 
00 58 1=1,12 
R~(t)~RM(l}/WMOl(l) 
58 RNT::.'I!HlT+RN( I> 
DO 59 1=1,12 
59 ~N(I)=~~(I)/RNT 
52 RETURN 
EMD 
c 
c 
c 
c 
c 
c 
c 
398 
S ! 1 B R 0 UTI NEe 0 ,., p ( T 1 , P 1 I VOL 1 , x 1 , U P 1 • J C EX) 
*.***~***.****k*****-*~.****.· •• **'~*.*******.******** ** •• **********. 
*" 
.* cnMP CALCULATES THE ST_TE- PROPERTIES AT END OFCOMP/EXP PROCESS •• 
COMMON/BLOCK "RB,Rq,SQA,SOR,BA,.'TOCC,PERP,PERPD,R~AM,RMAMD,8,PI 
COMMON/BLOC< 2/GMt~,C,RFX,R'N,XEX,Xl~,ST,QSP,SAW,SAHISAP'SAS,SAF 
COM~ON/BLOC~ 3/SPTHE,~PTHX,~V,CEv,CIV,CR,HEX,~IN,Nl 
COMMON/BLOCK 4/PN(11),OM(11) ,RN(12),QM(12),WM0L(12),Q{4) IPHt,JC~ 
COM~ON/BLOC~ 5/VB,RC,RS,RSB,RC,P4,SH,UOF(12),TTHE 
COM~ON/eLOC~8/CLV0L,HSA,HTF.THE,OLOSS,TW,WT,WMOLR,ER,RU,CEFF 
COMMON/BlOC~ 9/PAT,GAMMAR,wnI 
JCEX LE 1 FOR COMPRESSiON, GT 1 FnR EXPANSION 
IJ:<JCEX.LF,1)Jl=() 
RH:::THE/S7.296 
X~=ST/2.0*(1 ,O-COS(RH)+ER-S0RT(F.D**2-SIN(PH)*·2» 
VOl4=8A*X4+CLVOI. 
SA=HSA+PI*RC*(X1+x4) 
p/.;.::P1*(VOl'l/VOI.4)**1.25 
T 4 ::: p 1 'II VOL 4 / \,' T / R IJ 1 1 0 0 0 0 , 0 
n n f. 0 L Z ~ 1 , ,I C ~1 
20 TF4:::T4 
PA'I;;o:(P1+P4)/2.0 
T.\V=(T1+T4)12.0 
HrC,;-;IlTr-,.SQRT(PAV*TAV) 
Q lOS S :: ~n c * 5 A" ( T A'I - T W ) .. T THE 
t~(JCEX.LE,')GO T0 30 
I~(JL.EQ,1)GO TO 30 
! ~ (T AV. L T .1600.0) J L=1 
CALL EOURN(TAV,PAV) 
LJP4,Wr-iOl.p::().O 
00 351=1,11 
WMOLP=WMOLP.PN(J).UMOL(l) 
35 UP4=UP4+UOF(I).PMCI)/WMDLCl) 
Uo(.::.:UP4*CEFF 
RP::8. 3'1 l..3/WMOLP 
30 CDM=CPMEAN(T4,T1 ,JCEX) 
C \f ~" ::; C P M ~ 8 • 3' I. 3 
G A rH" A Rue p r-1 1 C V ,., 
IF(JCEX.GT,1)('O Tn ~8 
T4=T1~(VOL1/VOl4)+k(GA~~AR-' .n)-~LOSS/WT/CVM*WMOlR 
P4=WT*RU*T4/VOt4*10000.n 
Go TO 40 
3 8 i 4 :: 11 .. ( \j 0 L 1 / VOl 4 ) 1< * ( G A '1 ,,~ A R - 1 . () ) - ( Q L !) S S + ( U P 4 - u p 1 ) * ~JT ) 1 \.I T / C V M • W 1-\ 0 LP 
P~=WT*RP.T4/VOL4*10000.0 
40 IF(A8S(T4-TE4) .IT.O.2)Gn TO 50 
WRtTU2,B10) 
50 WpITE(2,800)P4,T4,VOL4,QLOSS,THE 
W!) I :: C PI." VOL 4" P 1 'if 1/ 0 l 1 ) / ( 1 . () - ( A LOG ( P 4/ P 1 ) / A LOG ( VOL 1 / VOL 4) ) ) 11 00 () 0 ,\'I 
11 =TI. 
P1=P4 
)(1=X4 
VOl1::VQL4 
lIP1=UP4 
800 FORMAT(1H ,5F15.3) 
810 FORMAT(1W , '**** COMP OUTstnE ~PECIFIEn RANGE ***.') 
RFTURN 
ENO 
c 
c 
e 
c 
c 
c 
399 
SIIBROUTINF. EBUIHJ(T,PB) 
*'" 
'III. 
** FOR THE GtVFN TFMPERATURE,PRFSSUAE A~n ~IXT~RF STRENGTH ** 
'III. ERURN CALCULATE~ THE EQUJLIRRIll~ COHPOSITrO~ FOR THE P~ODUCTS •• 
** ** 
.** •••• ********* •• *.***.*.*~.***.*.**~****.*****~***** •••• * •• **** •• 
RFAL LK 
DIMENSION LK(12) ,PE(12) ,EKC12> 
C (l M /-' 0 NIB L 0 C.: 4 I P ~ ( 11 ) , P I-~ ( 11 ) , R N ( 1 ?) , R M ( 1 2) , w M () L ( 1 2 > , Q ( 4) , PHI , J eM 
JCOU~T=O 
P=P8/1.01325 
JCT=JOh1" 
TB=T 
1~(TO.lT.1600.0)TP,~1600.0 
IF(PN(2).LT.O.001)PN(2}:O.001 
PNT=P~(1)+P~{2)+p~(3)+p~C4) 
On 22 1=1,4 
22 PF(l}=PIHI> 
tFCPHI.GE.1.0)GO TO 79 
C **~***********~******.~***.*.***.****.****.**.******.***************. 
CEQ! ) ILl R R tUM CON ~ TAN T ~ FOR I..J F. A K :-\ I X T LI R F S 
C *******.******~***.*Y*.*****~*k***'*******-*****·.**·*.************* 
Ly(5)=4.38Q-14~2~/TB 
LK(6)=3.06-13170/TB 
L~(7)=O.6615-47?9/TB 
L~(8)=2.2465-8666/TB 
L~(9}~4.66-1R413/TB 
LK(10)=3.48S5-13/34/TB 
LK(11)=3.484-1906S/1B 
Do 60 1=5,11 
60 EK(I)~10.0.*LK(I) 
62 JrOLJt.Jj=JC(\iJ~;1+1 
DO 65 1::1,l. 
PN(I)=PE(I).O.9+PNC{)*O.1 
65 PF(n=PN(J) 
66 PPNT::P/PNT 
C *.*.*.*.*****.~*******k********.*.*****.** •• ********** ***~*********. 
C CALCIILATE FR/\Ci'ION OF 7 DERIVEr: cnN~TITLJE~JTS 
e **~**.** •• ~.****.** •• *~**~** •• ****~****** •• **.************-* •• * ••• ** 
PN(5)~fK(5)*PN(1)/SQRT(PPNT*PN(2) 
PN(6):EK(6)*PN(4)/saRT(pD~T*P~(2» 
PN(7)=EK(7)*SQRT(PN~2).p~(3') 
PN(B)=EKC8)/PPNT**O.25*PNC2)**O.?5*PN(4)**O.5 
PN(9)=EK(Q)/PPNT.*O.75*PN(4)**O.~/P~(2)**o.25 
P N ( , 0 ) :: E K ( 1 0 ) * S 0 R T ( fJ N ( 2) I P P NT) 
PN('1)=EK(")*~QQT(PN{~)/PPNT} 
C *.**** •• ******.**.**.***~***.****.*.*~.***.**.**************.*.***** 
C CAl CUI. ATE F RAe T ION 0 F 4 I ~J f) E P E ~i f) F 'J TeO r-.l P 0 N E N T S 
C *.* ••• ~*.~*.**.*******~******.***.***~w.***.* ••• ~******************* 
PN("=Q(1)-PN('S} 
PN(2)cQ(2).(PN(S)+PN(6)-PN(7)-PN(10)}/2.0+(PN(9).PNC8))/4.0 
PN(3):Q(3)-lPN(7)+PN(11)/2.0 
P~(4'=Q(4)-PN(~)-(PN(8).PN(Q»/2.n 
"fI 67 1=1,4 
67 I~CPN(I).LT.O.QO')P"'(1)=O.001 
PNT=PN(1).P~(2)+P~(3)+PN(4)+PN{S)+PN(6)+P~(7)+PN(8)+P~(9)+P~(10). 
1N(11) 
.,. 
1)0 llR 1=1,11 
~R P~(J)=PN(J)/PNT 
JF(Jr.OlJ~T.F.Q.Jr.T)GO Ttl 71 
o (\ 7 0 t = 1 , I. 
70 IF(ABS(PE(Il-PN(l» .GE.O.OOnS)GO TO 62 
71 PN)(::PN(S) 
P~(5)=PNC2) 
Pr-J(2)=PNX 
GO TO 110 
400 
C *~.~* •• **.**********~*k****~k~*k**~*******~*~~**~***.* ~** •• **.******j 
C FOlllLIBRTUM CON')TA~T~ FOR RICH r~IXTlJpES 
C ***.*.***.****~*****~*.**.*~**~~.~k*******~***.******* ********** •• ** 
79 L~(5)=8.778-29nSS/TB 
L K ( 6) = A L (1 r, 1 C! ( F'< P ( ? 1 . 77- 3 . 1 '5.~ * A I (I r; ( T 8 ) ) + () . 1 02 ) 
L~(7)=5.05-192~~/~a 
lIdB)=4. 41.1~15930/TB 
L~(9)=2.1~6-10~Q9/T9 
L~(10)=7.87S-277~1/TB 
LI(11) ::3. 484-19065/rB 
Of) 80 1=5,11 
80 EK(I)=10.0**LK(1) 
82 Jr.OUNT=JCOU~T+1 
00 85 1=1,4 
PN(I)~PE(J)*O.9+PN([)*~.1 
RI) PF(I)=PN(I) 
fl.!, PPNT=P/PNT 
C ** •• ***.**k***.***** •• ·**.*~~.****'*~·*.********.***~* ************** 
C CAL C II L A T F F RAe T t 0 I.J I) ~ 7 D E R I V E r, r f) ~ J ~ TIT I ) E N T S 
C *********.~** •• ****~.~ .• ****t*****'~*k**A********.******* •• ***.***** 
PN(5)=F~(5)/pPNT*rNl1)**2/P~(?)**2 
P~(6)=f(6)/PN(1).P~(2)*PN(~) 
PN(7)=EK(7)/S0RT(PP~T)*p~(11/D~(?)*S0RT(P~(3)} 
PN(8)=E~(8)*SQRT(~Nl1) I~P~T*PN(4\/PN(?» 
P~(9'=EK(9)*SQRT(~N(2)!pP~T*PN(4"PN('» 
p ~ ( 1 0 ) ~ F i( ( 1 f; ) / p P ,~ T * rJ ~J ( 1 ) / P N ( 2 ) 
Pr-J(11)=EK(11)*~QQT(PN(~)/PP~T) 
C **********~**~******.*w*.~*i********+·*******.·*·***t*.**.~*****.*.* 
C CAL C I) L ATE F RAe 1 ION () ~ " I ~l () F P F 'J I) F III T r. 0 t1 P () I-.J F N T S 
C *.*.******~*********.*~*~***A~************~*****.******************* 
PN(1)=Q(1)-?*P~(5)+P~(6)-PN(7)-p~(10)+(PN(9)-rN(R»/2.0 
PN(2)=Q(?)+?PN(S)-~N(0)+P~(7)+~N(10)+(p~(g)-PN(Q»/2.0 
PN(3)=Q(3)-(P~(7)+P~(R»/2.0 
PN(4)=O(4)-(PN(R)+PN(9»/2.~-PIIJ(~) 
on 871=1,4 
R7 t~(PN(t).LT.n.nn1)p~(I);o.on1 
Pill T = P N ( 1 ) + P \; ( 2 ) + 0 ,) (.3 ) + P ~! ( 4 ) + P N ( 5 ) + P />; ( 6 ) + p ~; ( 7 ) + P ~ I ( 8 ) + P N ( 9 ) +- P N ( 1 0 ) + 
1 N (1 n 
On R8 1=1,11 
~~ PN(I)=PN(l)/PNT 
l~(JCOU~T.EQ.JCT)GO TO 110 
on 901=1,4 
9n 1~(AeS(PE(I)-P~(T).G~.n.nonS)r,n TO R2 
11 0 t 1= ( J C 0 U NT. EO. J r: T ) \.; R I T E ( 2 I 9 (l') ) 
P~1T=O.O 
D(l 1201=1,11 
PM(I)=PN(I)·wMnLCY) 
120 P~T=PMT+PM(l) 
Dn 1301=1,11 
130 P~(I)=PM(I)!PMT 
9 ('l 0 F (\ R MAT ( 1 H,' * * 1r F BuR />; 1'111 T ::; J D F (. ~ S PEr. 1 1= I FOP. A ~j G F * .. * , ) 
RFTlJRN 
E~D 
c 
c 
c 
c 
e 
c 
F IJ NeT I 0 I-. C P~' E A N (T L , T U , .J J ) 
*****.**************.*************-.*********************** 
*. ** 
** CPMEAN CALCULATE'S THE "1EAN TC)nBARIC SPFCIFIC HEAT FOR ** 
*. MIXTURE FOR GIVEN TEMPE~ATUQ~ QA~GE ANn CO~POSITION ** 
** *. 
****.***************~**t*****.***.*****.**.****.t********** 
Dt~ENSION C(12.2) .A~(1?) .CID(12).CDATf7,12,2) 
401 
COM ~'1 0 ~J I 8 L 0 C K 4 / P N ( 1 1 ) , P 1>1 ( , , ) , R "l ( 1 2) , R M ( , 2) , \~ '-I (; L ( 1 2) , Q ( 4) , PHI , J C "" 
CO~MON/9lOCK10/ADAT(7,'2),B~AT(7.12),CJDAT(1~) 
C ******************** •• **.******** ••• ******t***k.********************* 
C J.I.LT.1 FOR REACTANT~ , GT.1 Ft")Q PRf\oUCTS 
C ******.***~********.1* •• ******************~***************~********** 
Cp=O,O 
DO 5 J::1.12 
IF(JJ,GT,1.AND.J.FQ,'2)GO T0 90 
A=O.001 .. QL 
no 6 Le1,2 
M=1 
IF(A.GT.2.0)t~=2 
CfJ,L)::O,O 
on 7 K:: 1 ,7' 
t~(M.EQ.1)CDAT(K,J,L)=~nAT«,J) 
I F ( M , E Q • 2) C ~, AT ( K , ,I , L) :;: B D AT ( l( , .1 ) 
7 C ( J , L ) :: r. D A T ( l( , .1 • L ) * A * * K I i( + C ( .1 , I. ) 
140 FOR1~AT(1HI),30X,'MftX PRF.S<;lJRF FOR 99 CONSECUTIVE CYCLES (B/,R)') 
C ( J , L ) = C ( ,I , L ) - C 1 rH T ( J ) ... ( r., -1 ) 
6 A=O.001*TU 
ANCJ)=RN(J) 
IF(JJ,GT.1)AN(J)=P~(J) 
C 1 P (J) = (C (J ,2) - C (,J ,1) )", AN (J) 
5 CP=CIP(.J)+CP 
C *.***~*.**~**t~****.**.******~*.**k**********.********.*************j 
C ", E A N C P V A L [\ r: S (J 0 U L ~ ~ I G R A ~, r·1 0 L D F G K) 0 V E Q T F M P RAN GET U TOT l. 
C ***.***.******.**** •• *~*-*********~*******************.*************i 
90 CPNEAN=CP*4.1?,f.,P./fTU-TL)*1000.0 
RFTURN 
END 
81 eel( OATA 
C~MMON/BLOCK10/ADAT~7,1?) ,BDATf7,12) ,CIDAT(12) 
OAT A ADAT/ 
C **********************.*******.****************.******~***********.*, 
C T N D 1 v I D U A l. C P ~, () LV N Ij t' I /l. L S FOR ,. F. ~ 0 t D A T Ij R F S R FLO 1./ 20 (l 0 D f G K 
C ***~*.********'.* •• ~~**********.**'**.*******.~*.**+*********.***~**: 
A 1..324933, ?0.R()~9S,-22.Q4501. 1f..B448,-7,9.5567, 2.12167,-0,2/.087 
B 7.8'2249,-6,66R?~3, 17.?8296,-17.2871, 8,86013,-2.31482, O.2~478 
C 7,'?09929,-5.503EP7, 13.1?1V." .. 11.6796. 5.23400, .. 1.17319,0.10388 
o 7.988860,-1.506271, 6,~n1376.-4.655Q7, 1,69646,-0.3706~, 0.03992 
E 7.361141,-5,3691)89, 20.54179,-25,8653, 15.9457,-4.85889, 0.58615 
F ". 1 8:3 0 4 3, 4, 71 0657 , -1'1 . 9 21:~ 6, 1 I . 51 .. 09 , - 7 , 01 {,? 6, 1,92340, .. 0 • 2 (i 3 41 
G P..462334,-10.ld16A9, 27.54876.-.S0.2131? 17,18':-1,-4,9,)726, O.S755"S 
H ?615100,-1,936{)nl), O.,{17?Of){). 2.6153n,-Z.69090, O,9778l1,-0,1?6 9 5 
I 4 . 9 6 8 0 :> 0, (\, 0 0 0 (l (1 0, 0, () 0 0 0 () (), o. () 0 0 0 () I O. 0 U 0 (: 0, 0, r, 0 (l 0 (I I O. 0 () 0 (\ 0 
J 5.97/,134,-4.?41RF-3, 7,931254,-7.94423. 1.,1.0.336,-1,27134, 0,14914 
K 4.966526, O.011505,-O.n333~~. 0.n4617.-0.03242,-O,01095,-0.00137 
L /..547740, 1S3.6~59,-1~,338?O,-9~.7707. 7('1,9791, .. 16.4959, 0.00000 
C *.*** •• ****** •••• * ••• *~****** •• *** •• ********* ••• ~.******.***.****.** 
C INDIvIDUAL CP DOLVNe~IALS FOQ TEMD~PATURFS ABOVE 2000 DEG K 
402 
C .***.**.***~*.k**************.*~*****.*******.*.W.*******i***.****** 
OATA BDATI 
M R.1S3021, 8.4'1419,-4.795179, 1.54313,-0.28312, 0.02766,-0.0011' 
N Ii. 9 6 6 4 6 1, 3. 2 ~ Ii 9 1 1 , .. 1 . 6 6 () 1.1-. 7. O. 4 7 6 4 5 , .. 0 . 0 -, 8 5 4, 0 • 0 0 6 9 6 , ... 0 • 0 0 0 2 6 
o 5.649167, 3.579035'-'.794317., 0.51213,-0.08419, 0.00744,-0.00027 
p 3.401967, 9.433046,~4.067415, 1 .04935,~0.16202. 0.01377,-0.00049 
Q 8.439106,-O.~76523, 0.621716,-0.19235, O.Ol90Q,-O.00236, 0.00009 
R 4.103273, 3.981784,-1.426509, 0.26927,-0.01866,-0.00081, 0.00012 
S ~.590193, ?604~41,·1.291210. 0.36511,·0.05937, 0.00519,~O.00019 
T 4.946400, 3.2f.t4500,"1.202h()0. 0.258/.9.-0.03184,0.00207,"0.00005 
U 4.968000, 0.000000, O.OOOOOn, 0.00000, n.OOOoo, 0.00000, O.OOOOC 
V 4.743426. O.4Ro906.-0.~64666. 0.12739,-0.02117, O.uO'7',-O.OOOO~ 
W 4.845706, 0.080796, O.0879~O,~O.10425, 0.03658,-0.00487, O,0002~ 
X o.oooono, 0.000000, o.oooono, o.ooono, 0.00000, 0.00000, o.ooooe 
c *~***.*********.***.*******.*.*.**~**********.~.*.*****************i 
C CO~STANT OF INTEGRATION Dlr.FERFNCES AETWFF~I IIPP~R AND LOWER FQUATJO~ 
C *~~**.*.*********.*********~***~*************~*.*.*****************. 
OATA CtDATI 
V 1.080780,·O.16'340,~O.3113'O,-'.61502, 
Z-0.979550, 0.000000,-0.317400, 0.15448, 
END 
FINISH 
O.933?S,-1,31'35,-O,0030~ 
O.OOC)OOI 
c 
c 
c 
c 
c 
c 
C 
403 
MASTER PRESS 
***.* •• ********.******~** ••• *.* ••• *.*.**.***.**. 
.* 
.* PRESS CALCULATES THE CVLINDFR pRESSURE AND *. 
.* BURNT MASS FRACTION FROM EXpERIMENTAL DATA •• 
• * •• 
*** ••• **.*******************.***.***.*.*.*.*.*** 
P.'TEGER E,SC 
RFAL LPL,LPSL,LPVI ,LPU,I PSU,LPVU'LVSL,LVSU,LVU,LVL,JT~AX'NTHE 
DIMENSYON LVU(90),LVL(90),LDU(90),LPL(90),PRMAX(100),JTMAx(100) 
DI~ENSION VOL(256)/PVG(~5~),WR(25~),WRR(256),PRR(2S6) 
DJME~S10N PFUN(2~~),IDAT(25A),PRES(2S6),NTHE(256),RH(256),X(2S6) 
PT:3.14159 
RF.AD(1,102)BORE,~T,CR,CRL,TRCAL,PTCAL 
C C~LCULATE CONSTA~T PARA~ETERS FOP ENGINE 
C 
ER=CRL/ST*2.0 
B~:PI.80RE**2/4.0 
RfAD(2,100)E,BC 
E=El61. 
CONST~1 .O.BC*10.0**E/32767.o**2 
NN::O 
CI VOL=aA.STI (CR-1. 0) 
DO 13 '}::1,256 
NTHE(J)=200+J.2 
R~(J)=NTHE(J)/57.?96 
X(J):(ST/2.0)*e1.0 y COS(RH(J»+ER-SQRT(ER*tR-SIN(QH(J»**2» 
VOL(J)~RA*X(J)+ClVOL 
13 V()L(J)~\lOL(J)/10()().O 
C CAL C II L ATE VOL U ~.I E V A L U E S FOR L E " S T S Q U " R F. seA LeU L A T ION 5 
SlVL,LVSL::O.O 
c 
c 
Df) 6 J::25,34 
LV l ( J ) :,: A LOG ( VOL ( .1 ) ) 
LVSl;LVL(J)k*~+lVSL 
6 SIVL=SLVL+LVUJ) 
C START CALCULATIONS FnR NEXT ENGINE CYCLE 
C 
c 
c 
900 NN;:~.pH1 
DO 15 J=1,256 
115 PFIJNeJ)=o.O 
\,JRtTE(4,120)1.J~ 
RFAD(1,118)JS 
J~=(160-JS'/2 
SLVU,LVSU=O.O 
JS\1=JS-10 
JST=JS .. 1 
DO 42 J=JSa,.JST 
LVU(J)=ALOG(VOL(J» 
lVSU=LVUCJ)**2+LVSU 
42 SLVU=SLVU+LVU(J) 
C READ PRESSURE nATA FRO~ ~~GNETTC TAPF FtLE 
C fALCllLATE MAX AND ~FAN RELATtV~ PRES~URES AND MAX PRESSURE A~GLE 
C 
DI} 25 K=1,9Q 
REAfl(2,H)1) (IDAT(J) ,.J::1 ,2'56) 
D0 30 J=1,256 
30 PFU~(J)=PFU~(J)+TDAT(J) 
M=JS+15 
DO 22 J::M,120 
I F ( IDA T ( J ) - I D f\ T ( ,I -, ) ) 2 4 , () , 0 
22 CONTINUE 
24 PRMAX(K)~IOAT(J-1) 
JTMAX(K)=20n+2*(J-1) 
25 CONTINUE 
DO 35 J=1,256 
404 
35 P F II N ( J ) = P FUN ( .J ) ." CON S T ... PTe A l * T RCA L / 99 • 0 
PF.RR~(5.0-PFUN(250)-PFUN(251)-PFUN(252)-P~UN(253)-PFUN (254»/5.0 
c 
c 
JCN=O 
PERD;O.()8 
C ABSOLUTE PRESSURE cnRR~CTION CALCULATIONS 
e 
c 
36 JCN:.1JCN+1 
DO l.O J=',256 
40 PRES(J)=PFUN(J)+PFR~ 
LPSL,SLPL,LPVL:O.O 
DO 43 J=25,34 
LPL(J)~ALOG(PRES(J» 
lPSL=LPL(J)**2+LPSL 
LPVL~LPl(J)*LVL(.J)+LPVL 
43 SLPL~LPL(J)+SLPL 
C LEAST SQUARES METHOn FO? CALCUI ATING COMPRESSION INDEX 
C 
c 
elL:: - ( L P V t. .. s l. P L * S I V L 11 0 . 0) 1 ( LV S L .. S LV L" '* 2/1 O. 0 ) 
IF(CIL.GT.1.38)Gn TO 481 
tFCCIL.lT.1 .24)GO TO 510 
LPSU,SLPU,LPVU=O.O 
DO 44 J::JSG,JST 
LPUeJ):ALOG(PRE.S(J» 
lPSU:LPU(J)**2+LP~U 
LPVU=LPUeJ)*LvUeJ)+LPVU 
&4 SLPU~LPU(J)+SLPU 
CTU:-(LPVU"SLPU*SI.VU/10.0)/eLvSU""SLVU**2/10.0) 
IFeJCN.GT.20)GO TO 484 
1~(CIU.GT.1.3R)GO TO ~81 
IF(CIU.LT.1.2/.)GO.TO 510 
IF(t.BseCIL-CIlJ) .LT.O,OOC;)GO TO '~84 
IF(CIL-CIU)O,484,481 
51 0 CO~JT 1 ~JUE 
C OECREASE PRESSIJQF 
C 
c 
IF(JCN.EQ.1.0R.Jr.M.EQ.1)Gn TO 511 
PERD:::PERO/2.0 
511 pF.Rn~PERR-PERD 
J eM:;' 
GO TO 36 
C I~CRFASE PRFSSURE 
C 
4R1 IFeJCN.fQ.1.0R.JCM.EQ.O)GO TO 512 
PERD=PERD/2.(\ 
512 PERR:PFRR+PERO 
JCM=O 
GO TO 36 
484 CONTINUE 
DO 37 1(::1,100 405 
37 PPM~X(I()zPRMAX(K).CONST.PTCAL*TRCAl+PERR 
C 
C ( ALe U L ATE PER C p, TAG F P iH S S 11 REt; TAN DAR 0 D F. V I A T ION 
C 
c 
e 
PTOT=O.O 
DO 72 1(:::1,99 
72 PTOT=PTOT+PR~AX(K) 
PAV=PTOT/99 
SSQP=O.O 
DO 73 1<=1,99 
73 ssap=ssoP.(PR~AXC~)-PAV)**2 
SP=SQRT(SSQP/98)/pAV*100 
C CALCULATE PERCENTAGE MASS OF CHARGE RURNT 
C 
c 
c 
JT::JS+1S 
PVG(JT-1)=O.O 
DO 54 J=JT,200 
pVG(J)~PQES(J)*VOL(J)**(CtU-O.05) 
54 IF(PVG(J).LT.PVGeJ-1»GO TO 56 
S6 PVMcPRESeJ).vOL(J)·*CIU 
WRITE(4,200)CtU 
WRtTE<4,20S) 
WRITE(4,206) 
1..11:'(4)=0.0 
DO 60 J=5,2I)O 
PVG(J)=PRESeJ).vOL(J)**CIU 
WR(J)=(PV(,(J)-DV(,(JS»/CPVM-PVG(Js»*100.0 
WRR(J):(WR(J)-WB(J-1»/2.n 
PRR(J):(PRES(J)-PRES(J-1»/2.0 
C OUTPUT RESULTS ON LINE PRINTFR 
C 
60 WRYTE(4,210)NTHEeJ),VOL(J),PRES(J),PRR(J) ,W8(J),W8R(J),PVG(J) 
WRtTE(4,140) 
\.1 q t T E ( 4 • 11 t) ( P R M A )( ( K) , K ::: 1 , 99 , 
wRtTE(4,14S) 
\,j R I T E ( 4 , 11 1 ) ( J T M A X ( K) de = 1 , 9 Q ) 
I~I K ! T E ( 4, ?, 2 ) S P 
WRITE(4,214)PAV 
IF(~N.LT.8)GO TO 900 
1('l1) FOQ-.4.b.T(10X,?t1Q,22X) 
1~1 FnRMAT(2~6I10) 
102 FORMATC6FO.O) 
110 fORMAT(1H ,10F12.3) 
111 FORMAT(1H ,10F12.0) 
11R F("IR'1AT (l 0) 
1?O FORMAT(1H1 ,?Ox, 'F~GINE RU~ ~U~BER 3 ',I?) 
140 FORMAT('HO,30x,'~AX PRESSUR~ FOP 99 CONsECUTIVE CYCLES (BAR)') 
145 FORMAT(1H0,30X, 'MAX PRES AN~LE FOR 99 CONSECUTIVE CYCLES (DEG) I) 
200 FOR~AT(1HO, 'COMPRFSSION INDFX a ',F6.3) 
205 FOR~AT(1HO,3X,'CRAN( ANGLE',5x, 'VOLUME',9X,'PRESSURE',3X, 'PRES R 
1E RATEI.4X, 'MASS BURNT',2X,'~ASS eURN RATE',' (P*V)**GAMMA') 
2 0 6 FOR /.j A T ( 1 H , 5 X , , D E G R E E , , 1 0)( , , C C , , 1 '5 X , , B A P , , 9 X , , 8 A R / 0 E G I , 9 X , , PER C E 
1 I,5X, 'PEQCENT/DEG'/I) 
2'0 FORMAT(1H ,F12.0,6F15.2) 
212 FOR~AT(1Hn,'PERCENTAGE STANnARD OFVIATYON -',F7.3) 
21' FORMAT(1H , 'MEAN ~AX PRESSURE =',F7.2) 
STOP 
E~D 
FINISH 
..... 
Cut"PUTU' SI"ULI.I lUI. uf ClJ"'l>US! lU:, 1'. A 5>'.'0\ [P.ITII'''' f:/.l..l"t 
============================================================ 
TtST CIJt..1) I I 1"t.3 AkE t~~I~t VlTAll..S ftkt 
tNl..jNt Sf'Ltu IRPM) :: cOOo.O I1Ukl 1M"') 
U;NITlul. 11t'I:", Ivtl.. (lIve) :: .>0.0 ·STHd~~. 1"'·\'1 
VULu"'tTkle Lf f 11.. Ill.(.y D) :: 7':>.0 eUN kUO LE."'(;TI1 1M"') 
E"UlvALli.l..l kAliU :: 1. I 0 C()Mf'kfSSIu'" kATIO 
AU, 10 fulL kAIII) :: lL73 
~ALL It~f'L~Arukt (Ut~ ~) = 1.11.10.0 
KE.SIUUAL MA~5 FPACTIUN (X) '" 7. C 
CU"tlLJ5Tlu'. LHA'-.,'tR UlT AILS AkE ATMUSPHEkiC CO~UITIONS ARE. 
suulS~ PLATE TYPl 
" 
TE~"t'HTlI>lE (OE(; K) 
~'S~UI5~ eUvlNAGl (X) 
" 
0.0 PRESSU~[ (BAk) 
BUMPING CLlA"A~CL (MM) = ! .00 sPtCIFIC HU~IUITY (X) 
SPAN~ PLUl../HUHt AXIS (1"11"1) 
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